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Abstract.We present new synthetic broad-band photometric colors for late-type giants based on synthetic spectra
calculated with the PHOENIX model atmosphere code. The grid covers effective temperatures Teff = 3000 . . . 5000K,
gravities log g = −0.5 . . .+3.5, and metallicities [M/H] = +0.5 . . .−4.0. We show that individual broad-band
photometric colors are strongly affected by model parameters such as molecular opacities, gravity, microturbulent
velocity, and stellar mass. Our exploratory 3D modeling of a prototypical late-type giant shows that convection has
a noticeable effect on the photometric colors too, as it alters significantly both the vertical and horizontal thermal
structures in the outer atmosphere. The differences between colors calculated with full 3D hydrodynamical and
1D model atmospheres are significant (e.g., ∆(V −K) ∼ 0.2mag), translating into offsets in effective temperature
of up to ∼70K. For a sample of 74 late-type giants in the Solar neighborhood, with interferometric effective
temperatures and broad-band photometry available in the literature, we compare observed colors with a new
PHOENIX grid of synthetic photometric colors, as well as with photometric colors calculated with the MARCS and
ATLAS model atmosphere codes. We find good agreement of the new synthetic colors with observations and
published Teff–color and color–color relations, especially in the Teff–(V −K), Teff–(J −K) and (J −K)–(V −K)
planes. Deviations from the observed trends in the Teff–color planes are generally within ±100K for Teff = 3500
to 4800K. Synthetic colors calculated with different stellar atmosphere models agree to ±100K, within a large
range of effective temperatures and gravities. The comparison of the observed and synthetic spectra of late-type
giants shows that discrepancies result from the differences both in the strengths of various spectral lines/bands
(especially those of molecular bands, such as TiO, H2O, CO) and the continuum level. Finally, we derive several
new Teff–log g–color relations for late-type giants at solar-metallicity (valid for Teff = 3500 to 4800K), based
both on the observed effective temperatures and colors of the nearby giants, and synthetic colors produced with
PHOENIX, MARCS and ATLAS model atmospheres. ⋆
Key words. Stars: atmospheres – Stars: late-type – Stars: fundamental parameters – Techniques: photometric –
Hydrodynamics
1. Introduction
During the last decade considerable progress has been
made in modeling stellar atmospheres over large ranges
of effective temperatures, gravities and metallicities (see,
e.g., Hauschildt et al. (2003) and references therein for
Send offprint requests to: A. Kucˇinskas, e-mail: ak@itpa.lt
⋆ Table 2 is available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/
the PHOENIX models; Castelli & Kurucz (2003) for ATLAS
models; Plez (2003) and Gustafsson et al. (2003) for MARCS
models). While theoretical spectra show good agreement
with observations over a wide area in the HR diagram,
late-type giants are still thought to be one of the chal-
lenging exceptions (e.g., Bessell et al. 1998).
The contribution from late-type giants on the Red
Giant Branch (RGB) and Asymptotic Giant Branch
(AGB) is important in many astrophysical contexts re-
lated to intermediate-age and old stellar populations, thus
2 Kucˇinskas et al.: Broad-band photometric colors and effective temperature calibrations for late-type giants. I.
correct representation of their atmospheres and spectra is
of crucial importance. However, all state-of-art stellar at-
mosphere models use a number of simplifications related
to the physics, and thus it is very important to know how
well the different theoretical models (e.g., PHOENIX, MARCS,
ATLAS) can reproduce photometric features of real stars,
in particular those for which reliable fundamental stellar
parameters (such as Teff , log g, metallicity) are known.
The contribution of this study is three-fold. We provide
a grid of synthetic broad-band photometric colors for late-
type giants, based on the new PHOENIX library of synthetic
spectra (Hauschildt et al. 2005, in preparation). The new
PHOENIX library is an update and extension of the previ-
ous NextGen library of synthetic spectra (Hauschildt et al.
1999a,b) to lower effective temperatures and metallicities.
The major improvements of the current models with re-
spect to NextGen are updated equation of state data and
updated molecular opacities and line list, e.g., water and
TiO lines (Sect. 2). The new grid of photometric colors
covers Teff = 3000 . . .5000K, log g = −0.5 . . .+3.5, and
[M/H] = +0.5 . . .−4.0.
We also make a detailed investigation of the influ-
ence of model parameters on the resulting broad-band
photometric colors, namely, the effects of molecular opac-
ities, gravity, microturbulent velocity, stellar mass, and
the treatment of convection. This analysis is done for col-
ors at Solar metallicity and covers a wide range of effec-
tive temperatures and gravities typical for late-type gi-
ants (Teff = 3000 . . .4800K and log g = 0.0 . . .+3.0). To
investigate the effects of convection on the broad-band
photometric colors, we calculate a full 3D hydrodynamic
model of a prototypical late-type giant (Teff ≃ 3700K,
log g = 1.0, and [M/H] = 0.0) using the 3D model at-
mosphere code CO5BOLD, and provide a comparison of 3D
colors with those obtained using a standard 1D model at-
mosphere.
Finally, we make an extensive comparison of the syn-
thetic broad-band photometric colors with observations
of late-type giants, and with empirical as well as theo-
retical Teff–color and color–color relations available from
the literature. This comparison is done for colors at Solar
metallicity. For this purpose we employ a new PHOENIX
grid of synthetic photometric colors, together with colors
calculated employing MARCS (Plez 2003, private communi-
cation) and ATLAS (Castelli & Kurucz 2003) model atmo-
spheres. In order to compare synthetic colors with observa-
tions, we derive a new Teff–log g–color relation employing
published observations of a homogeneous sample of late-
type giants in the Solar neighborhood, with effective tem-
peratures available from interferometry and surface gravi-
ties obtained using the Teff–log g relation of Houdashelt et
al. (2000a). We provide several new semi-empirical Teff–
log g–color scales, which are based on the Teff–log g re-
lation of Houdashelt et al. (2000a) and synthetic colors
from PHOENIX (this work), MARCS, and ATLASmodel atmo-
spheres. We also make a brief comparison of the observed
and synthetic spectra of late-type giants in order to clar-
ify what causes the differences between the observed and
synthetic photometric colors.
The paper is structured as follows. PHOENIX stellar at-
mosphere models, new synthetic spectra and broad-band
photometric colors are presented in Sect. 2. A detailed
analysis of the effects of various model parameters on the
photometric colors is given in Sect. 3. We also present
here the first results of our exploratory 3D study of the
role of convection in late-type giants. A sample of nearby
late-type giants and astrophysical parameters of individ-
ual stars are discussed in Sect. 4. Here we also analyze
the role of systematic effects related to the interferomet-
ric derivation of angular diameters and effective temper-
atures. New empirical Teff–log g–color scales are derived
in Sect. 5, where we also provide a comparison of the
new synthetic colors with observations and Teff–color and
color–color relations from the literature. This section also
contains a comparison of observed and synthetic spectra
calculated with PHOENIX and MARCS model atmosphere
codes.
This study deals with the photometric colors at solar
metallicity; the analysis of colors at sub-solar metallicities
and effects of metallicity are discussed in a companion
paper (Kucˇinskas et al. 2005).
2. PHOENIX models, spectra and synthetic colors
of late-type giants
The PHOENIX code is a very general non-LTE (NLTE)
stellar atmosphere modeling package (Hauschildt 1992,
1993; Hauschildt et al. 1995; Allard & Hauschildt 1995;
Hauschildt et al. 1996; Baron et al. 1996; Hauschildt et
al. 1997; Baron & Hauschildt 1998; Hauschildt & Baron
1999; Allard et al. 2001) which can handle extremely com-
plex atomic models as well as line blanketing by hundreds
of millions of atomic and molecular lines. This code is
designed to be both portable and flexible: it is used to
compute model atmospheres and synthetic spectra for,
e.g., novae, supernovae, M, L, and T dwarfs, irradiated
atmospheres of extrasolar giant planets, O to M giants,
white dwarfs and accretion disks in Active Galactic Nuclei
(AGN). The radiative transfer in PHOENIX is solved in
spherical geometry and includes the effects of special rel-
ativity (including advection and aberration) in the mod-
eling.
2.1. PHOENIX stellar atmosphere models
For our model calculations, we use the general-purpose
stellar atmosphere code PHOENIX (version 13). Details of
the numerical methods are given in the above references.
One of the most important recent improvements of cool
stellar atmosphere models is that new molecular line data
have become available which have improved the fits to ob-
served spectra significantly. The combined molecular line
database includes about 700 million lines. The lines are
selected for every model from the master line list at the
beginning of each model iteration to account for changes
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in the model structure. Both atomic and molecular lines
are treated with a direct opacity sampling method (dOS).
We do not use pre-computed opacity sampling tables, but
instead dynamically select the relevant LTE background
lines from master line lists at the beginning of each itera-
tion for every model and sum the contribution of every line
within a search window to compute the total line opacity
at arbitrary wavelength points. This approach also allows
detailed and depth dependent line profiles to be used dur-
ing the iterations. This is important in situations where
line blanketing and broadening are crucial for the model
structure calculations and for the computation of the syn-
thetic spectra.
Although the direct line treatment seems at first glance
computationally prohibitive, it leads to more accurate
models. This is due to the fact that the line forming re-
gions in cool stars span a huge range in pressure and tem-
perature so that the line wings form in very different layers
than the line cores. Therefore, the physics of line formation
is best modeled by an approach that treats the variation
of the line profile and the level excitation as accurately as
possible. To make this method computationally more effi-
cient, we employ modern numerical techniques, e.g., vec-
torized and parallelized block algorithms with high data
locality (Hauschildt et al. 1997), and use parallel comput-
ers for the model calculations.
In the model grid used in this paper, we have included
a constant statistical velocity field, ξ = 2 km s−1, which
is treated like a microturbulence. The choice of lines is
dictated by whether they are stronger than a threshold
Γ ≡ χl/κc = 10
−4, where χl is the extinction coefficient
of the line at the line center and κc is the local b-f absorp-
tion coefficient (see Hauschildt et al. 1999a, for details of
the line selection process). This typically leads to about
10–250×106 lines which are selected from the master line
lists. The profiles of these lines are assumed to be depth-
dependent Voigt or Doppler profiles (for very weak lines).
Details of the computation of the damping constants and
the line profiles are given in Schweitzer et al. (1996). We
have verified in test calculations that the details of the line
profiles and the threshold Γ do not have a significant effect
on either the model structure or the synthetic spectra.
The equation of state (EOS) is an updated version of
the EOS used in Allard et al. (2001). We include about
1000 species (atoms, ions and molecules) in the EOS. The
EOS calculations themselves follow the method discussed
in Allard & Hauschildt (1995). For effective temperatures,
Teff < 2500 K, the formation of dust particles has to be
considered in the EOS. In our models we allow for the for-
mation (and dissolution) of a variety of grain species. For
details of the EOS and the opacity treatment see Allard
et al. (2001).
In this work we use a setup of the microphysics that
gives the currently best fits to observed spectra of M, L,
and T dwarfs for the low Teff regime and that also updates
the microphysics used in the NextGen Hauschildt et al.
(1999a,b) model grid. The water lines are taken from the
AMES calculations (Partridge & Schwenke 1997); this list
Table 1. Zero points of photometric color indices in the
Johnson-Cousins-Glass system (see Sect. 2.3 for details).
References: 1. Bessell et al. (1998); 2. Castelli & Kurucz (1994);
3. PHOENIX (NLTE), this work.
B−V V −R V −I V −K J−H J−K K−L Ref
0.606 0.548 1.268 4.906 1.102 2.247 1.887 1
0.601 0.555 1.261 4.887 1.102 2.249 1.861 2
0.606 0.559 1.280 4.913 1.111 2.255 1.861 3
gives the best overall fit to the water bands over a wide
temperature range. TiO lines are taken from Schwenke
(1998) for similar reasons. The overall setup is similar to
the one described in more detail in Allard et al. (2001).
2.2. PHOENIX grid of synthetic spectra for late-type
giants
The new grid of photometric colors (Sect. 2.3) is based es-
sentially on the new PHOENIX library of synthetic spectra
(Hauschildt et al. 2005, in preparation1). To summarize
briefly, the spectra were calculated under the assumption
of spherical symmetry and LTE, with a typical spectral
resolution of 0.2 nm (which gradually degrades towards
infrared wavelengths). Microturbulent velocity was set to
ξ = 2 km s−1 (see discussion in Sect. 3.3). All models as-
sumed spherical symmetry, therefore a mass of the model
star (M⋆) had to be specified: for all models in the grid
M⋆ = 1M⊙ was used. Though the effect of stellar mass on
the broad-band colors is generally small, one still has to be
careful when using the models for stars with significantly
different masses (see Sect. 3.4).
The models in this grid were calculated using a mix-
ing length parameter αML ≡ l/Hp = 2.0 (l is the mixing
length and Hp is the local pressure scale height), cali-
brated for M-type pre-main sequence objects and dwarf
stars (Ludwig 2003). This choice of mixing length may
not be optimal for giants, but it seems that changes in the
emerging spectra due to differences in the mixing length
are minor within a framework of 1D model atmospheres.
Note however, that in reality convection may have a sig-
nificant influence on the broad-band photometric colors,
because of convective overshoot into the outer atmospheric
layers, as it is hinted by our 3D modeling of a late-type
giant (Sect. 3.5).
2.3. Synthetic PHOENIX broad-band colors
The broad-band colors were calculated from synthetic
spectra in the Johnson-Cousins-Glass system, using filter
definitions from Bessell (1990) for the Johnson-Cousins
BVRI bands and Bessell & Brett (1988) for the Johnson-
Glass JHKL bands. Conversion of instrumental magni-
1 The spectra are available at the following URL: ftp://
ftp.hs.uni-hamburg.de/pub/outgoing/phoenix/GAIA/v2.6.1/.
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Fig. 1. Influence of various molecular bands on synthetic photometric colors in different Teff–color planes (all for log g = 3.0).
Filled circles are late-type giants from Table 3, open circles are stars from the sample of Perrin et al. (1998) (see Sect. 4
for details; stars are only plotted to indicate the spread in the observed Teff–color sequences, not for a detailed comparison).
Thin lines with symbols are synthetic PHOENIX colors with certain molecules excluded from the spectral synthesis calculations.
Symbols are spaced at every 100K.
tudes to the standard Johnson-Cousins-Glass system was
done using zero points derived from the synthetic colors of
Vega (equating all color indices of Vega to zero). The Vega
spectrum used for this purpose was calculated with the
PHOENIX code employing a full NLTE treatment. Adopted
atmospheric parameters were identical to those used by
Castelli & Kurucz (1994): Teff = 9550K, log g = 3.95,
metallicity [M/H] = −0.5 and microturbulent velocity
ξ = 2km s−1. Detailed Vega abundances were taken from
Castelli & Kurucz (1994). Derived zero points of color
indices are given in Table 1, together with those from
Bessell et al. (1998). The latter were obtained using ob-
served and theoretical color indices of Vega and Sirius,
with theoretical colors computed employing the same fil-
ter transmission curves as used in this work. For the pur-
poses of comparison, we calculated zero points using the
Vega spectrum from Castelli & Kurucz (1994), which are
also given in Table 1. The agreement between the three
sets of zero points is generally very good. There is an in-
dication that the PHOENIX zero points tend to be slightly
larger than those of Bessell et al. (1998), though the dif-
ferences are typically <∼ 0.01 mag. The discrepancies are
slightly larger between the PHOENIX zero points and those
calculated from the Vega spectrum of Castelli & Kurucz
(1994), though they are also <∼ 0.02 mag.
The final grid of synthetic photometric colors of late
type giants is given in Table 2 (available in electronic form
only), and covers the following parameter space: Teff =
3000 . . .5000K (with a step of ∆Teff = 100K), log g =
−0.5 . . .+3.5 (∆ log g = 0.5) and [M/H] = +0.5 . . .− 4.0
(∆ [M/H] = 0.5).
2.4. MARCS and ATLAS spectra and colors
For the comparison of synthetic colors with observations
we also used colors produced with MARCS and ATLASmodel
atmospheres. MARCS spectra employed in this work were
kindly provided to us by B. Plez (private communication,
2003). Models were calculated in the plane-parallel ge-
ometry, using the mixing length parameter αML = 1.5
(for more details about the MARCS models see Plez 2003).
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Broad-band photometric colors were calculated using the
procedure described in Sect. 2.3.
Synthetic ATLAS broad-band photometric colors were
taken from Castelli & Kurucz (2003). Models were calcu-
lated under the assumption of plane-parallel geometry, us-
ing the turbulent velocity ξ = 2km s−1 and mixing length
parameter αML = 1.25. Water and TiO opacities used
were identical to those employed by us in the calculation
of the PHOENIX grid (see Sect. 2.1).
3. The influence of astrophysical processes and
model parameters on synthetic photometric
colors
The thermal structure of a model atmosphere is governed
a by a number of input parameters (such as stellar mass,
gravity, metallicity, etc.). Indeed, all of them have a di-
rect influence on the emerging spectrum and photometric
colors. In this Section we investigate the role and possible
extent of such effects, to provide a theoretical grounding
for the comparisons of model predictions with observa-
tions (Sect. 5).
3.1. Effects of molecular opacities
Spectra of the late-type stars are heavily blended by var-
ious molecular lines and bands, especially at the effective
temperatures below Teff ∼ 4000K (H2O, TiO, VO, CO,
etc.). To investigate the extent of these effects we produced
a number of synthetic spectra with certain molecules
‘switched off’ during the spectral synthesis calculations. In
this procedure model structures were calculated as usual,
i.e., employing opacities of all relevant molecules, as in
the calculation of all standard spectra in the model grid
discussed in Sect. 2. The spectral synthesis, however, was
done subsequently for several different cases without us-
ing opacities of certain key molecules (H2O, TiO, VO,
MgH, SiH, CO, CH, CN, and ZrO). The resulting spectra
are thus different from the standard ones, as lines/bands
of certain molecules are not seen in the spectra, while the
physics involved in the calculations of the model structures
is identical in all cases. The differences between the syn-
thetic colors calculated from these spectra and the stan-
dard spectrum (i.e., the one with all opacities ‘on’) clearly
show the effect of a particular molecule on a given photo-
metric color (Fig. 1, Teff–color planes; Fig. 2, color–color
planes).
Obviously, TiO is by far the most influential molecule
in the optical wavelength range. It is responsible for the
turn-off toward the bluer color in the Teff–(B−V ) plane at
Teff ∼ 3700K, and for the significant reddening of photo-
metric colors below Teff ∼ 4000K in the Teff–(V − I) and
Teff–(V −K) planes. The reddening of V − I and V −K
colors is caused by the increasing strength of TiO lines in
the V band with decreasing Teff : since the I band is much
less influenced by TiO bands than the V band (while the
K is not affected), V − I and V − K colors gradually
become redder at low effective temperatures (the reason
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Fig. 2. Same as Fig. 1 but in the color–color planes.
why B − V gets bluer below Teff ∼ 3700K is explained in
Sect. 3.2). There is also some influence of TiO on J −K,
due to TiO lines in the J band.
Water opacity is significant in all near-infrared photo-
metric bands. Most affected is the J − K color, as H2O
lines are strong both in J andK bands. Note however that
effects of H2O become noticeable only at lower effective
temperatures (Teff ≤ 3700K). There is a weak influence
of CO and CN on the J−K color too, due to CO lines on
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Fig. 3. Influence of gravity on broad-band photometric colors in the Teff–color planes. Filled circles are late-type giants from
Table 3, open circles are stars from the sample of Perrin et al. (1998) (see Sect. 4 for details; stars are only plotted to indicate
the spread in the observed Teff–color sequences, not for a detailed comparison). Thin lines with symbols are the new PHOENIX
colors at different log g values (symbols are spaced at every 100K). Thick solid line with open rectangles in panel (a) shows
Teff–log g–(B − V ) locii for the sample of late-type giants in the solar neighborhood (Sect. 4), with gravities assigned according
to the Teff–log g relation of Houdashelt et al. (2000a). Numbers next to the open rectangles are log g values, with symbols plotted
at every 0.5 dex in log g. Note a strong sensitivity of the B − V color on log g in the entire effective temperature range.
the edges of J and K bands, and CN in the J band (the
latter comes into play only at Teff >∼ 4000K).
Optical photometric colors are also noticeably affected
by SiH, MgH, VO, CH, CN, and ZrO. The strongest lines
of SiH and MgH are located in the blue part of the spec-
trum (∼400–450nm and ∼450–550nm, respectively), af-
fecting the B band flux in the former case and V band flux
in the latter. The B−V color is rather strongly influenced
also by CH and to a smaller extent by CN, due to CH lines
in the B band (especially the G-band at ∼ 430nm), and
CN bands both in B and V . In both cases the effect sets
in at higher temperatures (Teff >∼ 3800K). There is a weak
influence of ZrO on the B−V color too, due to ZrO bands
at ∼550–700nm. The strongest VO lines are in the wave-
length range of ∼700–900nm, thus mostly influencing the
I band.
The trends in the color–color diagrams essentially fol-
low those in the Teff–color planes (Fig. 2). It is interesting
to note that the (V − I)–(V −K) plane is relatively lit-
tle influenced by the molecular opacities (relative to the
observed spread in photometric colors), even those of TiO
(as both V − I and V −K colors get considerably bluer
without TiO, the overall trend is little affected).
In general, the influence of different molecules on the
broad-band photometric colors is small at Teff ≥ 4000K,
except for some influence of SiH, CH (B band), CN (B,
V ), and CO (J , K).
3.2. Effects of gravity
For a given stellar mass and effective temperature, sur-
face gravity defines the stellar radius and thus the ex-
tension and structure of the outer photosphere, where an
important fraction of the emerging spectral flux is formed.
Indeed, the effects of gravity must be significant in late-
type giants, especially at low Teff . The actual extent of
these effects on broad-band photometric colors can be seen
in Figs. 3 and 4, which show the behavior of photometric
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colors in various Teff–color (Fig. 3) and color–color planes
(Fig. 4) at different gravities.
The influence of gravity on broad-band photometric
colors is generally small above ∼3700K. V − K is espe-
cially robust in this sense; little sensitivity is also seen for
V − I and J −K, both in the Teff–color and color–color
domains. At these relatively high temperatures, only a few
molecules, e.g., H2, CO, CH and SiH, survive at gravities
between 0.0 and 3.0, thus having little effect on the colors.
At lower temperatures, <∼ 3500K, the gravity has a much
larger effect on the chemistry of the atmosphere; for ex-
ample, water vapor begins to form for log g = 3.0, whereas
it is absent at log g = 0.0. Therefore, the colors are more
gravity dependent at Teff ∼ 3500K than at ∼3700K.
Obviously, the influence of gravity is strongest for the
B−V color, which is clearly reflected in the Teff–(B−V )
and (B − V )–(V − I) planes (Figs. 3a, 4a). This results
from the fact that the temperature structure of the atmo-
spheres changes with the gravity: at low gravity, the atmo-
spheres are more extended giving lower gas temperatures
than at higher gravities. For example, at Teff ∼ 3500K
the outermost temperature of the atmosphere models is
about 2100K for log g = 0.0 whereas it is ∼2300K for
log g = 3.0. The differences in the model stratifications
have a strong influence on molecule formation, which is
much more efficient in the cooler, low gravity models.
Since the B−V color is very sensitive to molecular opaci-
ties (TiO, SiH, etc.), the influence of gravity on this color
is strong.
Another feature clearly seen in the Teff–(B − V ) and
(B − V )–(V − I) diagrams at all gravities is a ‘turn-off’
towards the bluer colors in B − V at ∼3700–3900K. This
inversion occurs because the V -band flux is strongly af-
fected by the TiO opacity, which is growing rapidly with
decreasing Teff . The TiO lines are much weaker in the B-
band, thus the decrease of B-band flux is essentially gov-
erned by the shift of the maximum of the emitted spectral
energy towards longer wavelengths with decreasing Teff .
The net effect is that below Teff ∼ 4200K the total flux in
the V -band decreases faster with decreasing Teff than in
the B-band, causing the turn-off in B−V at Teff ∼ 3700–
3900K.
Interestingly, this effect has been noticed observation-
ally nearly four decades ago (e.g., Johnson 1966; Wing
1967). Wing (1967) has found that observed B − V color
of late-type giants reaches its maximum value of B−V ≃
1.65 at around M2 III in T –(B − V ) plane (here T is a
black-body temperature measured from the black-body fit
to two pseudo-continuum points in the 0.75–1.04 micron
range). This corresponds to Teff ≃ 3710K according to
the effective temperature – spectral type scale of Pickles
(1998). At lower temperatures, the observed B−V colors
stay essentially unchanged for M0 III–M4 III, then be-
come bluer for later spectral types and finally turn to the
red again for the coolest giants. It should be noted that
below Teff ∼ 3500K the bluest observed B−V color in the
sample of Wing (1967) corresponds to B−V ∼ 1.4, while
theoretical models predict B − V <∼ 1.2. Unfortunately,
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Fig. 4. Same as Fig. 3 but in the color–color planes.
the lack of knowledge of effective temperatures (or precise
spectral types) for the late-type giants in the sample of
Wing (1967) does not allow us to make a direct compari-
son of his findings with the synthetic colors calculated us-
ing current stellar atmosphere models in the Teff–(B−V )
plane.
A similar effect can be seen in the mean observedB−V
colors of late-type giants provided by Johnson (1966),
with the turn-off at around M3 III (Teff ≃ 3630K on the
scale of Pickles 1998), and with the maximum value of
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Fig. 5. Influence of microturbulent velocity on synthetic photometric colors in different Teff–color planes (all for log g = 0.5).
Filled circles are late-type giants from Table 3, open circles are stars from the sample of Perrin et al. (1998) (see Sect. 4 for
details; stars are only plotted to indicate the spread in the observed Teff–color sequences, not for a detailed comparison). Thin
lines with symbols are synthetic PHOENIX colors at different microturbulent velocities.
B − V ≃ 1.60. Observed colors of late-type giants in the
sample of Perrin et al. (1998) show hints of this turn-off
too (Fig. 3). However, in all these cases the effect seems
to set in at somewhat lower effective temperatures than
predicted by the theoretical models: typically, the turn-off
in theoretical colors occurs at Teff ∼ 3700− 3800K, while
the observations point to Teff ∼ 3600−3700K (see Sect. 5
below for a detailed discussion). Note however, that stars
in the sample of Perrin et al. (1998) are all variable and
this may indeed influence their B − V colors. This may
be the case with the coolest giants in the sample of Wing
(1967) too. Reconstruction of photometric colors of a ‘par-
ent star’ (i.e., a static star with the same parameters as
the variable) is not trivial in case of long-period variables
(Hofmann et al. 1998), since a simple averaging of the
photometric colors over the pulsational cycle is generally
not appropriate. This may thus easily bias the Teff–color
scales at the lower effective temperature end, i.e., below
Teff <∼ 3500K. It is perhaps worthwhile to note in this
respect that in our search for the published interferomet-
ric effective temperatures of late-type giants in the solar
neighborhood we found no non-variable giants with effec-
tive temperatures lower than Teff ∼ 3400K.
It should be stressed that all colors are significantly
influenced by gravity below Teff ∼ 3600K, due to the onset
of rapid molecule formation at these temperatures. The
‘turn-off’ towards bluer colors seen in all color domains at
Teff <∼ 3500K is thus produced by the increasing opacities
of various molecules (TiO, H2O, VO, etc.). The position
of the ‘turn-off’ is gravity dependent, since the models
with lower gravity are cooler leading to a higher rate of
molecule formation.
Note however, that at these very low effective tempera-
tures and gravities the atmospheres of late-type giants be-
come very extended, thus stellar atmosphere models em-
ploying plane-parallel geometry (e.g., ATLAS) will be not
adequate. In fact, spherical models may be insufficient too,
since non-spherical and non-stationary phenomena (con-
vection, variability, shock-waves, mass loss, etc.) will be-
come increasingly important in this effective temperature
and gravity domain (as hinted, for example, by 3D models
of the red supergiant Betelgeuse, Freytag et al. 2002).
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3.3. Effects of microturbulent velocity
Grids of synthetic colors produced with PHOENIX, MARCS,
and ATLAS model atmospheres (Sect. 2.3) are based on
the synthetic spectra calculated using a single value of mi-
croturbulent velocity, ξ = 2.0 km s−1. Indeed, variations
around this value must be anticipated in real stars. To in-
vestigate the effect of these variations on the broad-band
photometric colors we have calculated a set of PHOENIX
models and spectra at several additional values of micro-
turbulent velocity, ξ = 1.0, 3.5, 5.0 km s−1. The results are
summarized in Figs. 5-6, which show the influence of ξ
in the Teff–color and color–color planes. Fig. 7 provides a
more detailed view on the differences between colors cal-
culated at any particular value of microturbulent velocity
and those at ξ = 2.0 km s−1, at several effective tempera-
tures.
Clearly, B − V color is most sensitive to changes in
microturbulent velocity (Fig. 5a). The differences are in-
deed significant, ∆(B−V ) ∼ 0.2mag at Teff = 3600K for
colors corresponding to ξ = 1.0 and 5.0 km s−1. The flux
in the B and V band is affected by changes in ξ (though
the effect is considerably stronger in the B band), and in
both cases the flux is lower at higher microturbulent ve-
locities, mostly due to the increasing line blending with
higher ξ. The effect is smaller but still non-negligible in
case of V −I and J−K (up to ∼ 0.1mag, Figs. 5b-c). The
only color that is essentially unaffected by the changes in
microturbulent velocity is V − K (Fig. 5d). In this case
the flux in V and K bands is lower at higher values of
ξ by a comparable amount (mostly due to increasing line
widths of numerous atomic lines in the former case and
due to changes in the width of CO bands in the latter),
thus the V −K color remains essentially unaffected.
In general, differences between colors corresponding to
different ξ are largest at lower effective temperatures but
they remain significant even at relatively high tempera-
tures, e.g., Teff >∼ 4500K. The effect of microturbulent
velocity is somewhat smaller at higher gravities, which
is related to the fact that at higher log g spectral lines
are broader than at lower gravities and thus the relative
broadening due to the increasing microturbulent velocity
(or vice versa) is smaller. Hence, the emitted flux and thus
the photometric colors are affected less than at lower grav-
ities.
Trends in the color–color diagrams follow those seen in
the Teff–color planes. The effect is largest in the (B−V )–
(V − I) plane, especially at lowest effective temperatures,
due to the sensitivity of the B−V color to changes in the
microturbulent velocity. The effect is also significant in the
(J − K)–(V − K) plane where differences in the J − K
color are comparable with the spread in the observed giant
sequence. The (V −I)–(V −K) plane is little affected since
the influence of ξ is small both in the case of the (V − I)
and (V −K) color.
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3.4. Effects of stellar mass
The influence of stellar mass on broad-band colors is illus-
trated in Fig. 8, where we plot differences between the pho-
tometric colors corresponding to stars of different masses
(CI(M⋆) − CI(M⋆ = M⊙)) at several effective tempera-
tures, for log g = 0.5 (the differences are smaller at higher
gravities). The effect of stellar mass is most pronounced at
lower effective temperatures (Teff <∼ 4500K), where differ-
ences in e.g. V −K may reach ∼0.1mag at Teff ∼ 3500K
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Fig. 7. Effect of microturbulent velocity (ξ) on broad-band
photometric colors at different effective temperatures (the or-
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a given microturbulent velocity and that for ξ = 2.0 kms−1).
when comparing stars with M⋆ = 1.0 and 5.0M⊙. The
effect becomes smaller at higher effective temperatures,
but is for some colors non-negligible even at Teff ∼ 4800K
(Fig. 8).
It should be noted, however, that these differences
do not simply mimic the effect of gravity. It has been
shown above that, for instance, B − V is rather sensitive
to gravity, while V − K remains essentially unaffected.
The situation is opposite in terms of sensitivity to stel-
lar mass (Fig. 8), which shows that stellar interiors re-
spond in a rather different way to changes in mass and
gravity. To a large extent this is determined by the fact
that the atmospheric structure essentially remains unal-
tered with changing stellar mass (on the scale of optical
depth), though the outer layers are marginally hotter for
M⋆ = 5M⊙ than 1M⊙ (especially at lower effective tem-
peratures). Together with changes in the molecular disso-
ciation equilibria, this produces a slight shift of the pho-
tometric colors towards the higher effective temperatures
seen in Fig. 8. Since PHOENIX spectra and colors are cal-
culated for the stellar mass of M⋆ = 1M⊙, these effects
should be taken into account when using them with stars
of considerably different masses.
3.5. Influence of the treatment of convection
The new grid of PHOENIX spectra/colors presented in this
work employs a mixing length parameter αML = 2.0 which
was motivated by results from the 3D hydrodynamic mod-
eling of M-type pre-main sequence objects and dwarf stars
(Ludwig 2003). All 1D standard model atmospheres of
evolved giants discussed so far in this paper predict that
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Fig. 8. Effect of stellar mass on broad-band photometric colors
at different effective temperatures (the ordinate is the differ-
ence between the photometric color index for a given stellar
mass and that for M⋆ = 1.0M⊙).
the structure of the optically thin layers hardly depends
on the assumed mixing length parameter: we find that
relative differences in the spectral flux for the PHOENIX
models calculated with the mixing lengths of αML = 1.5
and 2.0 are small (typically of the order of few tenths of
a percent). Differences in the broad-band colors are very
small too, typically within a few milimagnitudes. The situ-
ation with MARCS spectra and colors is quantitatively very
similar (B. Plez, private communication).
The simple reason for the insensitivity is that in the
framework of mixing length theory the convective zone is
confined to optically thick regions. However, the geometric
distance between the upper boundary of the formally con-
vectively unstable region (according to the Schwarzschild
criterion) and optical depth unity is not large. One might
speculate that in a real star convection may overshoot
into the optically thin layers and thus may influence the
emergent spectrum.
To test the idea we performed an exploratory study,
and constructed a 3-dimensional hydrodynamical model
atmosphere for a prototypical late-type giant with Teff ≃
3700K, log g = 1.0, and [M/H] = 0.0. For this purpose
we employed the radiation-hydrodynamics code CO5BOLD
mainly developed by B. Freytag and M. Steffen; for a de-
scription of the code see Wedemeyer et al. (2004). The
model is a so-called ‘local box’ model employing grey ra-
diative transfer and Cartesian geometry. The computa-
tional box contains the optically thin atmosphere and the
upper part of the optically thick convective stellar en-
velope. Details of the model will be discussed elsewhere
(Ludwig et al. 2005, in preparation), while in this study
we concentrate on issues related to spectral properties.
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Fig. 9. Snapshot of the emergent white light intensity during
the temporal evolution of a hydrodynamical red giant model.
Note the presence of the granulation pattern, and its spatial
scales. The relative root-mean-squares contrast of the intensity
amounts to 22.5% at this particular instant in time.
Figure 9 shows a snapshot of the emergent intensity dur-
ing the temporal evolution of the model. One immediately
realizes the presence of a granulation pattern. Similar to
1D hydrostatic model atmospheres based on mixing length
theory the average vertical structure of the hydrodynami-
cal model is such that the stratification becomes formally
convectively stable already in optically thick layers. Hence,
the granular pattern is a consequence of intense convec-
tive overshooting. The time-averaged relative root-mean-
squares intensity contrast amounts to 22.5%, which is
larger than the contrast of solar granulation (18% white
light contrast).
To obtain an estimate of the amount of the color
changes due to convection-related effects we performed
spectral synthesis calculations for the hydrodynamical
model atmosphere, and compared them to corresponding
results from a standard 1D hydrostatic model atmosphere
based on mixing length theory but otherwise identical in-
put physics. In particular, we used the same equation of
state and grey PHOENIX opacities in the hydrodynamical
and hydrostatic model. Turbulent pressure was neglected
when solving the hydrostatic equation. In the hydrody-
namical model turbulent pressure makes a substantial con-
tribution to the dynamical balance. It leads to a lifting of
the optically thin layers to larger radii, and also alters
to some extent their pressure-temperature relation. The
neglect of turbulent pressure in the 1D model has never-
theless no consequences for our comparison. Due to the
confinement of convection to the optically thick layers no
reasonable choice of the treatment of turbulent pressure
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Fig. 10. Influence of surface granulation on the broad-band
photometric colors of the prototypical red giant, as reflected
by magnitude differences in various band-passes (indicated on
the top of the panel) between the predictions of 3D hydro-
dynamical and classical 1D model atmospheres. See text for
details.
in the 1D model alters the pressure-temperature relation
of the optically thin layers, or might allow to emulate the
behavior of the hydrodynamical model.
Because of time stepping constraints related to short
radiative time scales the calculation of the hydrodynam-
ical giant model was very time consuming. We were only
able to gather data of a rather short time sequence limit-
ing the obtainable statistical accuracy. The hydrodynami-
cal spatio-temporal model has 150× 150× 100 grid points
(X × Y × Z, where Z is vertical), which corresponds to
15750× 15750× 8602Mm3 geometrical box size, and pro-
vides a total of 2.25 × 106 pressure-temperature profiles.
Together with the typical number of ∼ 5 × 105 wave-
length points usually used in the framework of PHOENIX it
renders the spectral synthesis problem intractable if one
tries to calculate spectra for all thermal profiles individ-
ually, and subsequently averages them to obtain the ob-
servable spectrum. Instead, we used an approximate ap-
proach and sorted the individual thermal profiles into nine
groups of increasing emergent white light intensity. This
corresponds in Fig. 9 to a sorting of points depending
on whether they belong to an inter-granular lane or in-
creasingly brighter parts of a granule. This classification
turns out to group together thermally as well kinemati-
cally (in terms of velocity) similar vertical stratifications.
The stratifications associated with a particular group were
then averaged on surfaces of equal optical depth. The re-
sulting nine stratifications were treated as standard 1D
model atmospheres for which spectral synthesis calcula-
tions were performed. The nine radiation fields were added
weighted by their respective surface area fraction. For the
further comparison we also obtained a ‘global average’, by
averaging over all pressure-temperature profiles.
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Figure 10 shows resulting flux ratios (expressed as
magnitude differences) between the 3D hydrodynamical
and 1D hydrostatic models integrated over various band-
passes. We corrected small mismatches in total flux of the
individual synthetic spectra by scaling them with a wave-
length independent factor to obtain the same nominal flux.
The representation of fluxes in Fig. 10 also allows to cal-
culate color differences 3D−1D by simply subtracting the
magnitudes in corresponding filters. The global average
(‘3D’) contains effects on the radiation field merely asso-
ciated with the different vertical structure of the hydrody-
namical atmosphere, while the superposition of the radi-
ation fields of the individual 9 groups contains additional
effects related to thermal inhomogeneities in horizontal di-
rections (‘3D grouped’). Consequently, differences 3D−1D
become somewhat larger in the ‘grouped’ case. They are
most pronounced towards shorter wavelength due to the
more strongly non-linear dependence of the source func-
tion on temperature so that horizontal temperature inho-
mogeneities can more easily leave a noticeable imprint in
the average emergent radiation field.
Obviously, the grouping procedure described before ig-
nores the geometry of the flow for off-center positions on
the stellar disk. Each horizontal position is represented
by a plane-parallel infinitely extended model atmosphere,
ignoring the neighborhood of hot and cool areas. To in-
clude more accurately the 3D effects of the center-to-limb
variation we extended our classification scheme by keep-
ing the groups but calculated the average structures and
radiation fields for inclined viewing angles (three in to-
tal) separately, including the full information about the
flow geometry. Figure 10 shows that the 3D limb effects
tend to decrease the deviations 3D−1D. The lines ‘3D’ and
‘3D µ’ (for the case of including 3D limb effects) depict
the case where horizontal fluctuations are not explicitly
accounted for. Lines-of-sight at inclined viewing angles
pass through parts of the atmosphere belonging to dif-
ferent groups, thus leading to some ‘mixing’ between the
groups which should reduce the effects of horizontal fluc-
tuations. Indeed, the inclusion of horizontal fluctuations
lead to slightly more pronounced differences as depicted by
the lines ‘3D grouped’ (3D limb effects ignored but hori-
zontal fluctuations included) and ‘3D µ grouped’ (3D limb
effects and horizontal fluctuations included). However, all
approaches provide a rather similar picture indicating that
the difference in the mean vertical structure of 3D and 1D
model is the dominant factor for the differences in the
band-integrated fluxes (resp. colors).
The flux differences 3D−1D may lead to noticeable dif-
ferences in effective temperatures when they are derived
from photometric colors based on 1D standard model at-
mospheres (e.g., the difference in (V −K) of ∼0.2 trans-
lates to an offset in Teff by ∼ 70K). However, the changes
in Teff and photometric colors are too small to alter sig-
nificantly the correspondence between theoretical and em-
pirical colors as well as temperatures discussed in Sect. 5.
Nevertheless, our calculations provide an estimate of the
intrinsic limitation of 1D hydrostatic model atmospheres
in reproducing the radiative properties of evolved late-
type giants.
In convective stellar atmosphere models one often en-
counters the situation that the temperature gradient in
the continuum forming layers depends to some extent on
the mixing length parameter. This has the consequence
that predicted stellar colors depend on this parameter
which also allows to offset mismatches to observed col-
ors by choosing a suitable value (e.g., Heiter et al. 2002).
As stated before, due to the insensitivity to the mixing
length parameter, this possibility does not exist in the
case of late-type giants. In principle, this makes them in-
teresting test cases for convection theories. However, due
to uncertainties in our knowledge of other physical prop-
erties of their atmospheres – in particular opacities – such
tests are somewhat hampered in practice.
4. Synthetic colors versus observations: sample of
late-type giants for the comparisons
4.1. Selection criteria and stellar sample
In order to make a meaningful comparison of the cal-
culated synthetic colors with observations, a sample of
stars is required for which precise basic stellar parameters
(effective temperature, metallicity, gravity) are known.
Ideally, such a sample should span the entire parameter
range in Teff , log g, [M/H] covered by the grid of syn-
thetic colors and should be complemented with reliable
estimates of interstellar extinction for individual stars.
Unfortunately, this is very difficult to achieve in practice.
A direct estimate of Teff is possible if the angular diam-
eter of a star is known (from interferometric measurements
or lunar occultations, for instance). Recent advances in
stellar interferometry and the increasing number of inter-
ferometric setups operating at optical (Mark III, NPOI)
and near-infrared (IOTA, PTI) wavelengths, together with
observations of lunar occultations, now allow the determi-
nation of precise angular diameters and effective temper-
atures for a number of late-type giants in the solar neigh-
borhood (e.g., Richichi & Percheron 2002). Since these
stars are bright, they are generally well observed, with a
wealth of supplementary photometric and spectroscopic
data readily available, and could therefore form the basis
for a sample to be used for the purposes of this study.
A sample of late-type giants was thus selected accord-
ing to the following criteria: (i) the star is a normal giant
of spectral class G, K or M (no chemically or otherwise pe-
culiar stars are included); (ii) interferometrically derived
Teff is available from the literature (Teff ≤ 5000K); (iii)
the precision of the derived Teff is better than 8% (note
that the accuracy is in general significantly better – see
below); (iv) the star is not variable, or the amplitude of
variability is less than ∆V ∼ 0.1. A search through the
literature resulted in 56 objects matching these criteria.
Additionally, we included non-variable late-type giants
from a sample of Ridgway et al. (1980; R80), for which
effective temperatures were derived from lunar occulta-
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Table 3. A sample of late-type giants in the solar neighborhood with precise interferometric derivations of Teff from the
literature. Photometric colors are given in Johnson-Cousins-Glass system (see Sect. 4 for details). References for spectral types,
angular diameters, effective temperatures: 1. van Belle et al. (1999); 2. Perrin et al. (1998); 3. Dyck et al. (1998); 4. Dyck et al.
(1996); 5. Di Benedetto (1993); 6. Ridgway et al. (1980). References for photometry: 10. SIMBAD; 11. Neugebauer & Leighton
(1969); 12. Borde et al. (2002); 13. Gezari et al. (1999); 14. Morel & Magnenat (1978); 15. Ducati (2002).
HD HR Other Sp type θR Teff Ref V B−V V −I V −K J−K Ref
mas K
1632 79 K5 III 2.51± 0.05 3844± 90 1 5.79 1.60 2.13 3.98 0.99 10, 11, 12
5316 259 M4 III 3.67± 0.10 3388± 70 1 6.23 1.62 3.21 5.19 1.18 10, 11, 13
5820 284 WW Psc M2.4 III 3.16± 0.16 3480± 90 6 6.11 1.67 1.97 4.53 1.05 10, 14
6860 337 β And M0+IIIa 12.5± 0.6 4002± 178 3 2.05 1.57 1.76 3.87 1.01 10, 14
M0 III 14.35± 0.19 3705± 45 5
7087 351 χ Psc G8.5 III 1.64± 0.07 5087± 256 1 4.66 1.03 1.30 2.30 – 10, 14
8126 389 91 Psc K5 III 2.22± 0.06 4144± 108 1 5.23 1.39 1.80 3.29 – 10, 11
9640 450 M2 III 2.42± 0.05 3825± 96 1 5.91 1.50 2.18 4.04 – 10, 11
11928 564 M2 III 2.96± 0.06 3656± 72 1 5.83 1.58 2.49 4.38 – 10, 11, 13
12929 617 α Ari K2–IIIab 6.0± 0.6 4790± 298 3 2.01 1.15 1.16 2.66 0.75 12, 14
13325 631 15 Ari, AV Ari M3 III 3.75± 0.11 3605± 84 1 5.70 1.64 2.78 4.77 1.17 10, 11, 13
15656 736 14 Tri K5 III 2.60± 0.11 4057± 124 1 5.16 1.47 1.87 3.52 0.84 10, 11, 12
18449 882 24 Per K2 III 2.08± 0.07 4416± 192 1 4.93 1.24 1.52 2.83 0.75 10, 12
18884 911 α Cet M1.5 IIIa 11.9± 0.4 3869± 161 3 2.53 1.64 1.97 4.16 1.06 10, 14
27348 1343 54 Per G8 III 1.44± 0.13 4878± 290 1 4.93 0.94 1.27 2.17 – 10, 11
28305 1409 ǫ Tau G9.5 III 2.57± 0.06 5027± 280 1 3.54 1.01 1.23 2.19 0.59 10, 14
29139 1457 α Tau K5 III 20.44± 0.11 3947± 41 2 0.86 1.54 1.70 3.66 0.97 10, 14
20.21± 0.30 3970± 49 5
30504 1533 1 Aur K3.5 III 2.93± 0.08 4067± 111 1 4.89 1.44 1.81 3.63 – 10, 11, 13
30834 1551 2 Aur K2.5 III 2.79± 0.06 4290± 183 1 4.77 1.41 1.87 3.28 – 10
33463 NSV16257 M2 III? 2.87± 0.06 3623± 122 1 6.40 1.80 2.54 4.79 – 10, 11
34559 1739 109 Tau G8 III 1.42± 0.13 4887± 362 1 4.92 0.94 1.13 2.03 – 10, 11
38656 1995 τ Aur G8 III 1.97± 0.08 4616± 344 1 4.53 0.94 1.22 2.19 0.58 10
39003 2012 ν Aur K0 III 2.79± 0.06 4496± 329 1 3.97 1.14 1.38 2.52 0.70 10, 12
42471 2189 M2 III 2.94± 0.06 3954± 205 1 5.78 1.66 2.38 4.29 – 10, 11
43039 2219 κ Aur G9 III 2.16± 0.09 4660± 276 1 4.34 1.02 1.33 2.40 0.65 10
54716 2696 63 Aur K3.5 III 2.92± 0.10 3995± 110 1 4.94 1.45 1.99 3.42 0.85 10, 11, 12
57669 2805 66 Aur K1 III 1.94± 0.17 4375± 289 1 5.22 1.24 1.35 2.72 – 10, 11
61338 2938 74 Gem, NSV3671 M0.0 III 2.97± 0.29 4090± 200 6 5.05 1.62 1.64 3.94 0.97 11, 12
78712 3639 RS Cnc M6.9 III 14.77± 0.09 3110± 117 2 5.95 1.67 – 7.56 1.27 10, 14
80493 3705 α Lyn K7 IIIab 7.4± 0.6 3969± 220 3 3.13 1.55 1.67 3.73 1.00 10, 14
K7 III 7.98± 0.31 3791± 82 5
86663 3950 π Leo, NSV4699 M1.7 IIIab 4.88± 0.28 3710± 110 6 4.70 1.60 1.97 4.18 1.03 13, 14
87837 3980 31 Leo K4.2 III 3.55± 0.22 3930± 120 6 4.38 1.44 1.48 3.33 0.86 12, 13, 14
99998 4432 87 Leo K4.5 III 3.71± 0.35 3720± 170 6 4.77 1.56 1.55 3.57 1.00 11, 12
108849 BK Vir M7.4 III 11.11± 0.23 2944± 34 2 7.28 1.54 – 8.12 1.37 10, 11, 13
112300 4910 δ Vir M3+III 10.0± 0.6 3783± 182 3 3.38 1.59 2.22 4.59 1.07 10, 14
114961 SW Vir M8 III 17.40± 0.12 2921± 110 2 6.85 1.67 – 8.65 1.31 10, 11, 13, 15
119149 5150 82 Vir M2.1 IIIa 4.34± 0.25 3690± 110 6 5.01 1.63 1.98 4.33 1.02 11, 13, 15
120819 5215 NSV6468 M2 III 2.50± 0.05 3823± 83 1 5.87 1.62 2.20 4.18 1.04 11, 15
124897 5340 α Boo K1.5 III 20.91± 0.08 4321± 44 2 –0.05 1.23 1.27 2.91 0.84 10, 14
19.5± 1.0 4628± 210 3
19.5± 1.0 4628± 133 4
K1 III 20.95± 0.2 4294± 30 5
126327 RX Boo M8 III 18.87± 0.12 2786± 46 2 7.96 1.29 – 9.76 0.99 10, 11, 13
127665 5429 ρ Aur, NSV6697 K3 III 3.80± 0.12 4440± 228 1 3.59 1.30 – 2.94 0.77 10, 12
130084 5510 M1 III 2.07± 0.05 3962± 108 1 6.26 1.58 2.10 4.21 1.03 10, 11
131873 5563 β UMi, NSV6846 K4–III 9.9± 0.8 4086± 225 3 2.08 1.47 1.47 3.31 0.79 10, 14
133774 5622 ν Lib K4.8 III 2.85± 0.41 3930± 270 6 5.20 1.61 1.60 3.72 1.00 11, 12
134320 5638 46 Boo K2 III 1.44± 0.06 4532± 135 1 5.68 1.24 1.58 3.00 – 10
135722 5681 δ Boo, NSV7002 G8 III 2.71± 0.06 4994± 257 1 3.49 0.95 1.37 2.27 0.65 10, 14
136512 5709 o CrB, NSV7032 K0 III 1.18± 0.07 4757± 265 1 5.50 1.02 – 2.37 – 10
137853 5745 NSV20317 M1 III 2.42± 0.05 3833± 85 1 6.04 1.60 2.20 4.20 1.01 10, 11, 13
139216 τ4 Ser M7.4 III 11.60± 0.18 3034± 30 2 6.53 1.43 – 7.53 1.23 10, 11, 13
139663 5824 42 Lib K3 III: 2.44± 0.33 4000± 260 6 4.96 1.34 1.29 2.88 0.82 12, 14
146051 6056 δ Oph, NSV7556 M0.5 III 10.43± 0.48 3779± 96 2 2.75 1.59 1.82 3.94 1.00 10, 14
9.5± 0.4 3987± 168 3
9.5± 0.5 3983± 117 4
147749 6107 ν1 CrB, NSV7676 M2 III 3.68± 0.10 3764± 136 1 5.20 1.60 2.45 4.33 1.06 10, 11, 13
150580 6208 K3 1.24± 0.06 4555± 139 1 6.07 1.31 1.50 3.12 – 10, 11
152173 6258 50 Her, NSV20792 M1 III 2.32± 0.06 4134± 124 1 5.72 1.61 2.09 3.89 1.00 10, 11, 13, 15
160677 6584 M2 III 2.26± 0.05 3911± 76 1 6.06 1.58 2.28 4.22 1.06 10, 11, 13, 15
164058 6705 γ Dra K5 III 9.8± 0.3 4095± 163 3 2.22 1.52 1.55 3.55 0.95 10, 14
9.8± 0.3 4099± 80 4
10.13± 0.24 3981± 62 5
167193 6820 K4 III 1.54± 0.06 4080± 99 1 6.12 1.47 1.73 3.48 – 10, 11
169916 6913 λ Sgr K2 III: 4.29± 0.33 4660± 180 6 2.82 1.05 1.04 2.41 0.66 12, 14
175775 7150 ξ2 Sgr K1 III: 3.79± 0.41 4230± 230 6 3.52 1.18 1.10 2.57 0.71 12, 14
177808 7237 M0 III 2.27± 0.05 4075± 86 1 5.56 1.54 1.92 3.73 0.99 10, 11, 12, 13
177809 7238 NSV24682 M2.5 III 2.40± 0.05 3859± 78 1 6.06 1.55 2.33 4.33 1.08 10, 11, 13, 15
189319 7635 γ Sge, NSV12638 M0–III 5.6± 0.5 4189± 238 3 3.47 1.57 1.66 3.62 0.95 10, 14
194317 7806 39 Cyg K2.5 III 2.99± 0.08 4192± 239 1 4.44 1.33 1.72 2.99 0.76 10, 13
196610 7886 EU Del M6 III 11.02± 0.25 3243± 79 2 6.05 1.46 – 7.09 1.19 10, 11, 13
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Table 3. Continued.
HD HR Other Sp type θR Teff Ref V B−V V −I V −K J−K Ref
mas K
196777 7900 υ Cap, NSV25208 M2.1 III 4.72± 0.52 3540± 190 6 5.10 1.66 1.96 4.29 1.07 11, 13, 15
199169 8008 32 Vul, NSV13398 K4 III 2.46± 0.05 4324± 113 1 5.01 1.48 1.82 3.40 0.87 10, 11, 13, 15
200044 8044 NSV13454 M3 III 3.33± 0.08 3615± 77 1 5.65 1.61 2.58 4.42 – 10, 11
212988 8555 K3 1.52± 0.06 4507± 123 1 5.98 1.45 1.64 3.35 – 10, 11
216386 8698 λ Aqr M2.5 III 9.1± 0.7 3477± 187 3 3.79 1.65 2.04 4.47 1.12 10, 14
9.1± 1.0 3477± 200 4
M2.0 IIIa 8.21± 0.44 3750± 100 6
219215 8834 φ Aqr, NSV26044 M1.5 III 5.44± 0.89 3770± 300 6 4.22 1.55 1.85 4.03 1.00 14
221345 8930 14 And K0 III 1.79± 0.07 4206± 165 1 5.22 1.03 1.32 2.49 – 10, 11
221662 8942 NSV26103 M3 III 3.70± 0.10 3542± 103 1 6.06 1.71 2.97 5.05 – 10, 11
223755 9035 M2.5 III 2.46± 0.05 3660± 88 1 6.12 1.60 1.93 4.09 – 10, 11
224303 9055 NSV26170 M2 III 2.41± 0.05 3704± 80 1 6.16 1.60 2.22 4.18 – 10, 11
224427 9064 ψ Peg, NSV14777 M3 III 6.5± 0.6 3475± 206 3 4.66 1.59 2.18 4.61 1.08 10, 14
tions. Historically, the R80 effective temperature scale was
an important step towards a homogeneous Teff–(V − K)
relation for cool stars based on precise measurements of
angular diameters, and it has been extensively used ever
since.
We also included all stars from Perrin et al. (1998;
P98), to illustrate the behavior of Teff–color relations at
low effective temperatures. Though these are all variable
stars, the Teff–color scale of P98 is the only available which
extends to effective temperatures as low as Teff ∼ 2800K.
Data from this sample were not used for the derivation of
Teff–log g–color scales, though.
The final sample consists of 74 nearby late-type gi-
ants with precisely derived Teff , either from interferome-
try (Di Benedetto 1993 (DB93); Dyck et al. 1996 (D96),
1998 (D98); P98, van Belle et al. 1999 (VB99)), or lunar
occultations (R80). All stars are listed in Table 3, along
with their angular diameters (Rosseland diameters, see
Sect. 4.5) and effective temperatures. The median value of
the (reported) error in Teff for the sample stars is ±140K
(∼3.5%); only 7 measurements have errors larger than 6%,
while for 53 stars they are less than 5%.
4.2. Broad-band photometric colors
Broad-band BVIJK photometric colors of stars in Table 3
were collected from published data using the SIMBAD
database. For the majority of stars data from multiple
bibliographical sources were available, thus averaged col-
ors were used in such cases (68 objects). Apart from a
slight inconsistency in I-band colors (see below), colors
extracted from different sources agree well, typically to
within ∼0.04mag or better.
I-band photometry was extracted from the SIMBAD
database (Johnson I), and/or the Two-Micron Sky Survey
(TMSS) catalog of Neugebauer & Leighton (1969); 20 ob-
jects had I-band observations in both systems, while none
had photometry in Cousins I. The V −I colors were trans-
formed to the Johnson-Cousins-Glass system using rela-
tions from Fernie (1983) for Johnson (V − I)J and from
Bessell & Weis (1987) for (V − I)TMSS from the TMSS
catalog.
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Fig. 11. Johnson (V − I)J vs. (V − I)TMMS from the Two
Micron Sky Survey catalog of Neugebauer & Leighton (1969).
Solid line is the derived relation between (V − I)J and (V −
I)TMMS colors (given in numerical form in Eq. 1).
We find slight systematic differences between the (V −
I)C colors resulting from (V − I)J and (V − I)TMSS. Note
that Neugebauer et al. (1965) found no systematic discrep-
ancies between their I magnitudes and those obtained by
Kron et al. (1953), at least to within an uncertainty mar-
gin of about ±0.2 mag. The discrepancies that we find
are most pronounced at bluer colors (i.e., higher effective
temperatures): ∆(V − I) ∼ 0.20 at (V − I)TMSS ∼ 0.6,
with Cousins (V − I) colors resulting from (V − I)TMSS
being bluer. The differences gradually become smaller for
redder colors and diminish at (V −I)TMSS >∼ 2.5. It should
be noted though, that these systematic differences are al-
ways within the margin of ±0.2 mag, which may possibly
explain why they were not reported by Neugebauer et al.
(1965).
Since these trends may suggest the existence of slight
differences in the realization of the TMSS I and standard
Kron I passbands (the latter defined by Kron et al. 1957),
we used the following procedure to obtain Cousins (V −
I)C. First, stars from our sample with both IJ and ITMSS
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photometry (20 objects) were used to derive the following
relation between (V − I)J and (V − I)TMSS:
(V−I)J = 0.690+0.806(V−I)TMSS+0.1188(V−I)
2
TMSS(1)
which is valid for 0.5 ≤ (V − I)TMSS ≤ 2.5. The RMS
residual of the fit is 0.086 mag (Fig. 11). This equation was
employed to obtain Johnson (V − I)J colors for stars with
no Johnson I-band photometry available. Then, Johnson
(V −I)J colors obtained from (V −I)TMSS and those orig-
inally available in the Johnson system were finally trans-
formed to Johnson-Cousins-Glass system using the rela-
tions from Fernie (1983).
Near-infrared JK colors were converted to the stan-
dard Johnson-Cousins-Glass system using transformations
given in Bessell & Brett (1988).
BVIJK colors transformed to the Johnson-Cousins-
Glass system, together with references to the original pho-
tometry sources, are given in Table 3.
4.3. Interstellar reddening
For most stars in the sample interstellar reddening was
derived in the original interferometry/occultation papers,
either from the difference between intrinsic (for a given
spectral type) and observed broad-band color (D96, D98,
VB99), or employing an empirical model of Galactic ex-
tinction (DB93). In both cases, the derived interstellar
reddenings have been found to be small for the majority
of stars; D96, for instance, find a mean color excess of
E(B − V ) ∼ 0.01 for all stars in their sample. We thus
apply no corrections for interstellar extinction for the ob-
served broad-band colors of stars in our sample.
4.4. Metallicities
A search through the spectroscopic catalogs available in
the SIMBAD database has yielded metallicities for 37 (out
of 74) stars in our sample. Averaged quantities were used
when multiple derivations of [Fe/H] were available (19
objects). For the majority of stars metallicities are close
to solar, with a mean [Fe/H] ≃ −0.16 and standard de-
viation of ≃0.20dex. Indeed, as we use this sample for
the comparison with synthetic colors at [Fe/H] = 0.0,
this may result in slight systematic discrepancies, espe-
cially in Teff − (B−V ) plane. The difference between syn-
thetic B − V colors at [Fe/H] = 0.0 and [Fe/H] ∼ −0.16
is ∼0.03mag for Teff = 3800–5000K (Teff–log g scale of
Houdashelt et al. 2000), with colors at lower metallicity
being bluer. The differences for other colors are consid-
erably smaller (typically ∼0.01mag or less). This corre-
sponds to a difference of∼50K in Teff resulting fromB−V
at Teff ≥ 3800K (less than ∼20K in other colors).
It should be noted though, that we find no clear evi-
dence for the metallicity effects in the Teff–color and color–
color planes, most likely because the spread in metallic-
ity is small (especially if compared with typical errors in
metallicity determinations, e.g., 0.2–0.3dex). This is illus-
trated in Fig. 12 which shows the Teff–(B−V ) relation for
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Fig. 12. Top: Teff–(B − V ) diagram for stars with known
metallicities. Different symbols stand for the following metal-
licity bins: circles [Fe/H] ≥ −0.05 (bin 1), triangles −0.25 ≤
[Fe/H] < −0.05 (bin 2), asterisks [Fe/H] < −0.25 (bin 3).
Solid, dotted, and short-dashed lines are the best-fits in the
metallicity bins 1–3, respectively. Thick long-dashed line is a
best-fit to all 37 stars with known metallicities, thick solid line
is a best-fit to the entire sample of 74 stars used in our study
(see Sect. 4.1 for details). A cluster of symbols with error bars
on the right shows the RMS residuals of the corresponding
best-fits. Bottom: the difference between the best-fits in var-
ious metallicity bins and the best-fit to the sample of 74 stars,
∆Teff = T
bin
eff − T
all
eff (solid, dotted, and short-dashed lines, for
the metallicity bins 1–3 respectively). Thick long-dashed line
shows the difference between the best-fits to the samples of
37 and 74 stars. RMS residuals of the individual best-fits are
shown on the right.
37 stars with known [Fe/H]. We divide these 37 stars into
three metallicity bins as indicated in the figure and pro-
duce the quadratic best-fits for each bin, as well as for the
entire sample of 37 stars with available metallicity deter-
minations. The resulting best-fits are shown as solid lines
in the upper panel of Fig. 12 (thick dashed line for the sam-
ple of 37 stars). We also show a best-fit in the Teff–(B−V )
plane for the sample containing all 74 stars used in our fur-
ther analysis (thick solid line; see Sect. 5.1 for details). The
RMS residuals of the best-fits are 140K, 180K, and 150K
in metallicity bins 1–3 respectively, 150K for the sample
of 37 stars and 170K for all 74 stars. The mean differ-
ence between the best-fit representing the 37 stars and
those corresponding to different metallicity bins are 20K,
40K and −80K, for bins 1–3 respectively. Thus only the
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lowest metallicity bin is slightly more deviant, however,
in all cases the differences are not statistically significant.
Note, however, that the best-fit representing all 37 stars
with metallicity determinations is slightly deviant from
the best-fit which is based on the entire sample of 74 late-
type giants. While the mean difference is small (−20K,
with the best-fit for 37 stars predicting lower Teff for a
given B − V ), differences in certain effective temperature
ranges may be considerable (e.g., −80K at Teff ∼ 4000–
4400K), though this is again significantly less than the
typical spread of observed Teff in the individual samples.
The differences between the best-fits in individual
metallicity bins are considerably smaller in other Teff–
color and color–color diagrams, with no evident systemat-
ical trends.
4.5. Comparison of angular diameters, fluxes and
effective temperatures
Once the angular diameter of a star is known, the effec-
tive temperature can be estimated through the following
relation (D96):
Teff = 1.316× 10
6
(
Fbol
θ2R
)1/4
(2)
here θR is the angular diameter (in mas), and Fbol is the
bolometric flux (in Wm−2). Obviously, potential system-
atic errors in derived Teff may result both from the differ-
ences in derived stellar radii, θR, and observed bolometric
fluxes, Fbol.
Bolometric fluxes are usually obtained by integrating
observed photometric fluxes over as large wavelength in-
terval as possible. After carefully checking the Fbol given
in the original papers (R80, DB93, D96, D98, P98, VB99),
we find no significant systematic differences in bolometric
fluxes obtained by different groups (exceptions and possi-
ble implications are discussed in Sect. 4.5.2). In the forth-
coming sections we will thus concentrate on the angular
diameters and effective temperatures.
4.5.1. Angular diameters
The measured angular diameter of a star (i.e., a uniform
disk diameter, θUD) does not exactly represent the true
angular diameter and should be corrected for the limb-
darkening. This is done by applying a correction (which
varies from 1.00 for a uniformly bright disk to ∼1.13 for
a fully darkened disk), defined as a ratio of the limb-
darkened diameter to the uniform disk diameter (at a
given wavelength). The correction is derived from stel-
lar atmosphere models (see Scholz & Takeda 1987; Scholz
1997, for a detailed discussion).
The limb-darkened diameter in Eq. (2) is the
Rosseland diameter, which corresponds to a surface where
the Rosseland mean optical depth is equal to unity. As
advocated by Scholz & Takeda (1987), the temperature
calculated at this surface provides a good estimate of
Teff (see also Baschek et al. 1991 for a more extensive
discussion on the definitions of radii and Teff of red gi-
ants). Effective temperatures of giants in our sample were
derived in the original interferometry papers, employing
Rosseland angular diameters which were calculated using
the following corrections: θR ≃ 1.022θUD by D96, D98
and VB99; θR ≃ 1.035θUD by P98; similar conversion
factors were used for individual stars by DB93 and R80.
The Rosseland angular diameters of the sample giants are
given in Table 3.
There have been indications discussed in the litera-
ture that systematical differences may exist between the
uniform disk diameters obtained with different interfer-
ometric setups. In their analysis of the Infrared Optical
Telescope Array (IOTA) data, D98 have found indica-
tions of systematical differences between θUD obtained
with the CERGA interferometer (Di Benedetto & Rabia
1987; Di Benedetto & Ferluga 1990) and those obtained
with the classical (D98) and FLUOR (P98) beam combin-
ers at IOTA (all operating in the near-infrared K-band).
To the contrary, a recent comparison of angular diame-
ters obtained with optical interferometers (Mark III and
NPOI) has revealed no systematic differences (Nordgren
et al. 2001).
The largest fraction of stars used in this work comes
from the sample of VB99. However, only three stars in this
data set have previous measurements of angular diameters
from occultations and interferometry, while none of these
three stars is available in the other data sets used in this
work. As remarked by VB99, however, angular diameters
and effective temperatures of four stars in their sample are
in good agreement with those inferred from the infrared
flux method. There is also a good agreement with an up-
per limit estimate for θUD obtained for one of the stars
(HR 2630) from lunar occultation. For the two stars with
interferometric measurements of θUD the discrepancies are
larger, apparently due to large errors in earlier derivations
of θUD (see VB99 for a detailed discussion).
A more straightforward comparison can be made for
stars from other samples. In Fig. 13 we compare angular
diameters from D98 with those derived by DB93, P98,
D96, and R80. Stars used in this work are indicated by
open circles.
A good agreement can be seen between the samples
of D98 and D96; in both cases stars were measured using
the same classical beam combiner at IOTA interferom-
eter. There is also a good consistency between angular
diameters measured by D98 and P98, who used a FLUOR
fiber beam combiner at IOTA; the data scatter however is
large. One star, RS Cnc, deviates significantly; however,
it is a semiregular variable (of type SRC) with a pho-
tographic amplitude of ∼1.5mag (Kholopov et al. 1998,
GCVS), thus the discrepancy may also reflect a real vari-
ation of stellar diameter. Interestingly, the angular diame-
ter of this star obtained by D96 is also different from that
derived by D98 (note that this star is not in the sample
used in our study).
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Fig. 13. Comparison of angu-
lar diameters measured by dif-
ferent authors (see text for
details). Open circles are the
late-type giants used in this
work.
The two stars in the sample of R80, RZ Ari and λ Aqr,
have significantly lower angular diameters than measured
by D98. The former is a semiregular variable star of type
SRB, with an amplitude of ∆V ∼ 0.4 (GCVS), while the
latter is an irregular variable of type LB, with ∆V ∼ 0.1
(GCVS); at least in the latter case variability alone can
not account for the discrepancy.
As it was already indicated by D98, angular diameters
measured by DB93 are indeed systematically larger than
those obtained by D98 (Fig. 13). There is also a tendency
that these differences increase with increasing angular di-
ameter of a star (Fig. 13).
There are two stars in the sample of DB93 which have
measurements of angular diameters available from other
groups. One star (µ Gem) was observed by R80; the DB93
value (originaly measured by Di Benedetto & Rabia 1987),
13.50 ± 0.15mas, is indeed larger than that obtained by
R80, 12.10 ± 0.39mas. The other star is α Tau, which
was measured by P98. In this case the obtained angular
diameters agree well, with 19.60 ± 0.29mas obtained by
DB93 and 19.75± 0.11mas by P98.
Obviously, the largest systematic discrepancies arise
between the data sets of DB93 and D98; angular diameters
of five stars obtained by DB93 tend to be larger than
those derived by D98. The measured radii of the two stars
common to D98 and R80 are rather discrepant too, as are
the measurements of RS Cnc by D98 and P98. Note that
the scatter of the individual measurements in Fig. 13 is
generally large. This is perhaps even more surprising, as
the majority of these stars are non-variable and in some
cases their angular diameters are measured using the same
instrument.
While pinning down the precise source of these discrep-
ancies is beyond the scope of this study, several comments
may be appropriate. First, it should be noted that angular
diameters quoted in DB93 are taken from the earlier study
of Di Benedetto & Rabia (1987), with the original inter-
ferometric measurements obtained more than two decades
ago. The angular diameters derived in Di Benedetto &
Rabia (1987) are thus amongst the pioneering interfer-
ometric measurements of the angular diameters of late-
type giants, with typically large uncertainties in the data
reduction procedure (calibration, conversion from the uni-
form to limb-darkened angular diameters, and so forth).
Second, angular diameters in D98 were mostly derived
from a single observation of the visibility made at one
spatial frequency point, which clearly may introduce ad-
ditional systematic uncertainties. For instance, according
to Wittkowski et al. (2004) visibility function of the late-
type giant ψ Phe measured with the VLTI/VINCI is sig-
nificantly different from both the uniform disk and fully-
darkened disk models, but it seems that this discrepancy
is clearly discerned only in the second lobe of the visibility
function.
Indeed, stars that are common to different data sets
used in our study are too few to decide firmly whether
the discrepancies mentioned above point towards the gen-
eral systematic differences, or they simply show the scat-
ter due to small number statistics. Nevertheless, all these
differences clearly indicate that the real errors in the mea-
sured stellar radii may be considerably larger than indi-
cated by the error bars provided in the individual studies.
Inevitably, this has a direct effect on the effective tempera-
tures derived using the observed stellar radii, thus putting
a lower limit on the data scatter in observed Teff–color re-
lations.
4.5.2. Effective temperatures
Effective temperatures calculated in the original interfer-
ometry papers (R80, DB93, D96, D98, P98, VB99) are
given in Table 3. A comparison of Teff derived by different
groups is shown in Fig. 14, with stars used in this work
indicated by open circles.
As in the case of angular diameters, the agreement in
Teff derived by D98 and D96 is very good. It should be
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Fig. 14. Comparison of effective
temperatures measured by dif-
ferent authors (see text for de-
tails). Open circles are the late-
type giants used in this work.
mentioned though, that identical values of Fbol were used
in both studies, thus the consistency in derived Teff simply
reflects the agreement in derived angular diameters.
Effective temperatures derived by P98, however, tend
to be systematically lower than those obtained by D98.
This is determined either by a larger angular diameter (δ
Oph), smaller Fbol (RX Boo, BK Vir), or both (EU Del,
τ4 Ser), as derived by P98. While both angular diameter
and Fbol are significantly deviating in case of RS Cnc,
both quantities are smaller than those derived by D98 by
a similar factor, thus leaving the resulting Teff unaltered.
Effective temperatures derived by DB93 also tend to
be systematically lower than those of D98. This is a con-
sequence of systematically larger angular diameters of
DB93. The Teff of λ Aqr derived by R80 is significantly
higher (∆Teff ∼ 270K) than that obtained by D98, which
is a consequence of considerably smaller angular diameter
derived by R80.
The discrepancies in Teff derived by various groups are
thus non-negligible, and result from the differences both in
angular diameters (predominantly) and bolometric fluxes.
Effective temperatures of stars in the samples of P98 and
DB93 seem to be systematically lower than those obtained
by D98. A comparison of general trends of stars from dif-
ferent samples in the Teff–color diagrams gives an indi-
cation that the Teff derived by D98 are somewhat higher
(∼50K) than the average trend of the sample including
all 74 stars, while the effective temperatures of P98 and
DB93 tend to be lower by a comparable amount.
To investigate a possible effect of these systematic dif-
ferences on the Teff–color and color–color relations derived
in Sect. 5, we produced Teff–color scales in different color
planes without including stars from the sample of D98
(while using all stars from the other samples). This proce-
dure was repeated by excluding each sample in turn from
the whole sample of 74 stars. In all cases, the resulting
Teff–color relations were essentially unaltered. Typically,
the differences between the Teff–color relations based on
all 74 stars and those with stars from a certain sample
excluded were within ∼70K for Teff = 3700–4800K, sug-
gesting that the influence of these systematical differences
on the derived Teff–color relations is small.
5. Synthetic photometric colors versus
observations: results and discussion
Since precise effective temperatures and broad-band pho-
tometric colors of late-type giants in the solar neighbor-
hood are readily available, they can be supplemented with
the Teff–log g relation to construct an empirical Teff–log g–
color scale based on the observed quantities of late-type
giants (Table 3). This scale could be used further to make a
direct comparison of the new synthetic colors with the ob-
servations of late-type giants in our sample, as well as with
available Teff–color and color–color relations. It may also
provide a basis for checking the consistency between syn-
thetic colors calculated with different model atmosphere
codes.
5.1. New Teff–log g–color scales
Although no previous knowledge about the evolutionary
status of stars in Table 3 is available, it is most likely that
these stars are either on the red giant branch (RGB), or
asymptotic giant branch (AGB). Obviously, their gravities
and effective temperatures have to be related through the
appropriate Teff–log g relations, which should ideally be
different for stars on the RGB and AGB.
Unfortunately, the present knowledge about the vari-
ations of log g along the RGB and AGB is rather limited,
and relies essentially on theoretical modeling. Since empir-
ical log g of RGB and AGB stars are typically a product
of spectroscopic analysis, their determination becomes ex-
tremely complicated at effective temperatures lower than
∼4000K (due to problems related with the definition of
continuum, effects of line overlapping, etc.), uncertainties
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that grow sharply with decreasing Teff . Effects of metal-
licity and age may introduce additional scatter/shifts in
the resulting Teff–log g scale. Though these uncertainties
indeed place internal limitations on the precision of exist-
ing Teff–log g calibrations, more importantly, any empiri-
cal Teff–log g scale is likely to suffer from these uncertain-
ties in a systematical way too, depending on the properties
of the stellar sample from which it was derived.
Thus, ideally, we would like to construct a Teff–log g
scale which is based entirely on the observed quantities of
stars from our sample. However, only 11 stars from Table 3
have spectroscopic gravities available from the literature.
When plotted on the Teff–log g plane (Fig. 15), the scatter
in the data is too large to derive a reliable temperature–
gravity relation.
For the purposes of this study we thus use one of the
existing empirical Teff–log g relations, namely the scale of
Houdashelt et al. (2000a, H00), which is based on the effec-
tive temperatures derived from interferometry and gravi-
ties assigned from theoretical isochrones (see H00 for de-
tails). According to Houdashelt et al. (2000a,b), synthetic
broad-band colors based on their Teff–log g relation agree
well with observations of nearby K and early-M giants in
the Teff–color planes. Their relation is also in reasonable
agreement with observations of 11 giants from our sam-
ple (Fig. 15), although the scatter in the observed data is
indeed large.
We provide several new Teff–log g–color scales. Table 4
gives an empirical Teff–log g–color relation derived using
empirical Teff–color relations (thick lines in Fig. 16) ob-
tained as best-fits to the observed data (stars from Table 3,
except those from the sample of P98) and supplemented
Table 4. New empirical Teff–log g–color relation for the late-
type giants. The Teff–color relations are best-fits to the ob-
served effective temperatures and colors of 74 late-type giants,
while gravities are assigned to a given Teff according to the
Teff–log g relation of Houdashelt et al. (2000a, H00). The last
line gives the RMS residual of the fit, expressed as a tempera-
ture difference. Photometric colors are in the Johnson-Cousins-
Glass system (see Sect. 5.1 for more details).
Teff log g B−V V −I V −K J−K
4800 2.90 1.021 1.016 2.280 0.639
4700 2.69 1.075 1.054 2.392 0.675
4600 2.49 1.133 1.096 2.514 0.712
4500 2.28 1.195 1.144 2.649 0.750
4400 2.08 1.263 1.198 2.798 0.789
4300 1.89 1.338 1.261 2.963 0.828
4200 1.69 1.408 1.334 3.146 0.869
4100 1.50 1.469 1.421 3.350 0.910
4000 1.30 1.528 1.526 3.580 0.952
3900 1.11 1.573 1.648 3.839 0.996
3800 0.93 1.605 1.786 4.133 1.040
3700 0.74 1.622 1.962 4.469 1.086
3600 0.57 1.628 2.192 4.855 1.133
3500 0.39 1.630 2.501 5.304 1.181
RMS residual [K] 170 160 140 150
with the Teff–log g scale of H00. The H00 scale used for
this purpose was linearly extrapolated to Teff = 4800K.
The typical RMS error of the fitting procedure is ∼160K
(Table 4). Tables 5–6 list three additional semi-empirical
scales, based on synthetic colors of PHOENIX, MARCS and
ATLAS corresponding to the Teff–log g relation of H00.
All scales are valid for the effective temperature range
of Teff = 3500–4800K. It should be noted that the H00
scale is representative of RGB stars, thus appropriate care
should be taken when using these new Teff–log g–color re-
lations both at the low and high effective temperature
ends, where RGB stars may be mixed with objects on the
horizontal branch and AGB, respectively.
The scatter in observational data may provide an es-
timate of the intrinsic limits in the precision of empirical
Teff–color relations, as indicated, for instance, by RMS
residuals of the best fits to the observed sequences of late-
type giants in various Teff–color planes. These errors are
typically ∼160K (Table 4) and they are determined by
the current uncertainties in interferometrically derived ef-
fective temperatures, various systematical effects, astro-
physical scatter, etc.
5.2. Comparison of Teff–color relations
Synthetic PHOENIX, MARCS and ATLAS colors given in
Tables 5–6 provide three new semi-empirical Teff–color
scales which may be readily compared with the observa-
tions of giants from Table 3 in the Teff–color and color–
color domains. This also gives a possibility for a direct
comparison between the PHOENIX, MARCS and ATLAS col-
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Table 5. Semi-empirical Teff–log g–color relations for late-type giants based on synthetic colors calculated with PHOENIX and
MARCS model atmospheres. Photometric colors are given in the Johnson-Cousins-Glass system (see Sect. 5.1 for details).
PHOENIX MARCS
Teff log g B−V V −I V −K J−K B−V V −I V −K J−K
4800 2.90 1.054 1.060 2.333 0.607 1.056 1.013 2.323 0.626
4700 2.69 1.103 1.105 2.445 0.639 1.109 1.054 2.431 0.658
4600 2.49 1.150 1.152 2.562 0.673 1.164 1.100 2.547 0.693
4500 2.28 1.204 1.205 2.690 0.709 1.222 1.150 2.672 0.729
4400 2.08 1.259 1.263 2.827 0.748 1.284 1.206 2.805 0.767
4300 1.89 1.315 1.329 2.975 0.789 1.345 1.267 2.950 0.808
4200 1.69 1.370 1.402 3.136 0.831 1.406 1.334 3.106 0.853
4100 1.50 1.421 1.485 3.312 0.875 1.466 1.411 3.276 0.900
4000 1.30 1.473 1.587 3.512 0.921 1.529 1.506 3.468 0.947
3900 1.11 1.516 1.710 3.739 0.969 1.582 1.621 3.686 0.996
3800 0.93 1.551 1.860 4.002 1.017 1.619 1.765 3.940 1.046
3700 0.74 1.573 2.056 4.321 1.064 1.636 1.950 4.245 1.096
3600 0.57 1.563 2.324 4.736 1.113 1.617 2.201 4.631 1.147
3500 0.39 1.505 2.707 5.319 1.160 1.556 2.543 5.139 1.197
Table 6. Semi-empirical Teff–log g–color relation for late-type
giants based on synthetic colors calculated with ATLAS model
atmospheres. Photometric colors are given in the Johnson-
Cousins-Glass system (see Sect. 5.1 for details).
ATLAS
Teff log g B−V V −I V −K J−K
4750 2.79 1.067 1.051 2.391 0.650
4500 2.28 1.191 1.165 2.685 0.740
4250 1.79 1.330 1.308 3.035 0.842
4000 1.30 1.497 1.512 3.472 0.955
3750 0.84 1.648 1.831 4.060 1.071
3500 0.39 1.683 2.396 4.974 1.173
ors, since they are all given for the same Teff–log g relation
of H00. A comparison of the new relations with observa-
tions and published Teff–color scales is given in Fig. 16.
In order to provide a reference frame for discussion
of the new scales, we also include the following recently
published Teff–color relations into our analysis:
– BaSeL 2.2 (Lejeune et al. 1998, BaSeL 2.2): pho-
tometric colors are derived from theoretical spectra
calibrated to match empirical Teff–color relations at
[Fe/H] = 0.0. BaSeL 2.2 colors used in this work were
calculated for the Teff–log g relation of H00, using the
interactive web-based BaSeL server 2;
– Alonso et al. (1999, A99): empirical scale, obtained
using photometric observations of a large sample of
Galactic field and globular cluster stars at different
metallicities. Effective temperatures of individual stars
were derived using the infrared flux method (IRFM),
the best-fits yielding Teff–color and color–color rela-
tions;
2 http://tangerine.astro.mat.uc.pt/BaSeL/
– Sekiguchi & Fukugita (2000, SF00): empirical Teff–
(B − V ) scale, obtained using observed colors and ef-
fective temperatures of 537 Infrared Space Observatory
(ISO) standard stars from Di Benedetto (1998).
Effective temperatures of individual stars were derived
from the Teff–(V −K) relation, calibrated on a sample
of nearby stars with angular diameters available from
interferometry. For the purposes of this study their
B − V colors were selected according to the Teff–log g
relation of H00;
– Vandenberg & Clem (2003, VC03): empirical scales
based on synthetic BVRI colors of Bell & Gustafsson
(1978, 1989), adjusted to satisfy observational con-
strains from the CMDs of several Galactic globular and
open clusters, field stars in the solar neighborhood, em-
pirical Teff–color relations, etc. We used VC03 colors
selected according to the Teff–log g scale of H00;
– Houdashelt et al. (2000a, H00): theoretical colors, cal-
culated with MARCS and SSG codes; TiO opacities
were adjusted to reproduce the observed spectra of M
giants from Fluks et al. (1994); no H2O opacities were
included in the calculations. Their photometric colors
are given for the H00 Teff–log g relation (provided in
the same paper), which was linearly extrapolated by
us to Teff = 4800K;
– Sviderskiene˙ (1988, S88), Pickles (1998, Pi98): scales
based on photometric colors calculated from the ob-
served spectra of late-type giants. Note that observed
spectra from Pi98 and S88 are compared with those
calculated using PHOENIX and MARCS model atmo-
spheres in Sect. 5.4, thus the two scales are provided
to illustrate the behaviour of photometric colors in
the Teff–color planes. Photometric colors of the S88
and Pi98 scales were calculated by us in the standard
Johnson-Cousins-Glass photometric system using the
procedure described in Sect. 2.3. Effective tempera-
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Fig. 16. Empirical and theoretical Teff–color relations for late-type giants in different Teff–color planes (a–d, top panels). Filled
circles are late-type giants from Table 3, stars from the sample of Perrin et al. (1998) are highlighted as open circles. Thick solid
line is a best-fit to the data, which represents a new empirical Teff–log g–color scale (Table 4) in a particular Teff–color plane.
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PHOENIX, MARCS and ATLAS (Table 5). Open rectangles in panel (d) are late-type giants from Cohen et al. (1999) (see text for
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tures for both scales were assigned using the effective
temperature – spectral class relation of Pi98;
– Cohen et al. (1999, C99): photometric colors of the
five late-type giants used by Cohen et al. (1999) in
the role of templates to produce a library of near-
infrared spectra of late-type giants (a comparison of
several C99 spectra with those produced using stel-
lar model atmospheres is given in Sect. 5.4). The five
late-type giants are: βGem (K0 III; spectrum taken
from Cohen et al. 1995); αBoo (K1.5 III; Cohen et al.
1996); αHya (K3 III; Cohen et al. 1995); αTau (K5 III;
Cohen et al. 1999); and βAnd (M0 III; Cohen et al.
1995). Effective temperatures of individual stars were
taken either from Table 3, or from Cohen et al. (1995,
1996, 1999). Observed J−K colors were collected from
the literature (typically – SIMBAD database) and con-
verted to the standard Johnson-Cousins-Glass system
using transformations given in Bessell & Brett (1988).
It should be noted, that A99 give an extensive compar-
ison of their scale with existing Teff–color relations; similar
comparisons are also done by SF00 and VC03. Altogether
this may provide a further reference for a comparison of
the new scales derived in this work with other relations
published in the literature.
Generally, the consistency between different Teff–color
relations (including those based on synthetic colors of
PHOENIX, MARCS and ATLAS) and observed sequences of
late-type giants (represented by the new empirical scales
in Tables 5–6) is good over a large range of effective tem-
peratures (or colors). The agreement is especially good in
the Teff–(V −K) plane (Fig. 16c), where all scales agree
to within ∆Teff ∼ 80K. The only exception is the scale
of Pi98 which predicts considerably higher effective tem-
peratures in the range of Teff ∼ 4000− 4400K (a similar
’bump’ in the Teff–color relations based on Pi98 colors can
also be seen in the Teff–(V −I) and Teff–(J−K) planes). It
is quite possible, however, that the effective temperatures
of Pi98 giants are slightly overestimated in this Teff range
(see Sect. 5.4 for details).
Discrepancies are also small in the Teff–(J −K) plane
(Fig. 16d), where deviations do not exceed ±100K within
Teff = 3500–4500K (with the exception of the scales based
on Pi98 and BaSeL 2.2. colors). There is a hint how-
ever, that our new empirical scale tends to predict slightly
higher effective temperatures for (J −K) ∼ 0.6–1.0 than
other existing scales. A slightly larger spread of different
Teff–color scales is seen in the Teff–(V − I) plane, though
differences between the new empirical Teff–(V − I) scale
and other existing relations generally are within ±120K
(the Teff–color relations based on Pi98, S88, and BaSeL
2.2 colors are somewhat more deviant).
The situation is more complex in the Teff–(B − V )
plane (Fig. 16a), where different scales start to diverge
below ∼4000K. These deviations are most obviously due
to inconsistencies in reproducing the ‘turn-off’ towards the
bluer colors seen in the observed data at (B − V ) ∼ 1.65
(Teff ∼ 3600K) caused by the increasing absorption in
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Fig. 17. (a) Top: Empirical and theoretical color–color rela-
tions in the (B −V )–(V − I) plane. Filled circles are late-type
giants from Table 3. The thick green line is a new empirical
(B−V )–(V −I) scale (Table 4; note that it is derived from the
individual best-fits in the Teff–(B−V ) and Teff–(V −I) planes,
i.e., it is not a best-fit in the (B − V )–(V − I) plane). Several
existing Teff–(B − V ) relations are also shown. Bottom: the
difference between various (B − V )–(V − I) relations and the
new empirical scale, ∆Teff = T
other
eff − T
bestfit
eff .
TiO bands. The majority of Teff–(B − V ) relations agree
well with the new empirical scale down to ∼3800K (or
(B − V ) ∼ 1.6), the typical deviations being well within
±100K. The deviations are even smaller in case of VC03
scale (±50K down to ∼3900K). It should be noted in
this respect that theoretical isochrones of Bergbusch &
Vandenberg (2001) transformed to observational planes
using VC03 Teff–color relations are in excellent agreement
with the observed CMDs of Galactic globular and open
clusters, and field stars in the solar neighborhood (VC03).
However, the agreement is considerably poorer in the
case of Teff–(B − V ) scales based on PHOENIX and BaSeL
2.2 colors. The former starts to deviate at ∼4100K, while
the latter is discrepant by more than ∼100–200K within
the entire effective temperature range of interest. The
scale based on Pi98 colors shows significant deviations
as well. These grow especially large below Teff ∼ 4000K,
where the Pi98 scale essentially fails to reproduce the ob-
servations and is at odds with the other Teff–(B−V ) rela-
tions too. This fact is rather disturbing, especially as the
Pi98 scale has difficulties in reproducing the observed col-
ors of late-type giants in other Teff–color planes too. Since
the spectral library of Pickles (1998) is widely used in a
variety of astrophysical applications (e.g., the modelling
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Fig. 17. (b) Same as Fig. 17a but in the (V − I)–(V − K)
plane.
of integrated colors of stellar populations), these inconsis-
tencies should be properly taken into account. Finally, we
should stress that none of the existing Teff–(B−V ) scales
reproduces trends in the observed data correctly below
∼3800K. The only exception in this sense is perhaps the
scale based on S88 colors, though it predicts the turn-off
towards the bluer B − V at slightly higher effective tem-
peratures than hinted from the observations of late-type
giants in our sample.
It should be remembered that Teff–log g–color scales
employing synthetic broad-band colors (PHOENIX, MARCS,
ATLAS) are indeed sensitive to the Teff–log g scale used, es-
pecially at lower effective temperatures. A shift in gravity
of ∆ log g = ±0.2 at Teff = 3500K would produce a shift
∆(B − V ) ∼ ±0.04 and ∆(V − I) ∼ ∆(V −K) ∼ ±0.03
(redder colors for lower gravities), with smaller differences
for other colors. This would correspond to differences of
∆Teff ∼ 50K for B − V and ∆Teff <∼ 10K for V − I
and V −K. Note that these differences will be generally
smaller at higher effective temperatures, because of the
weaker sensitivity of the emerging spectral flux on gravity.
While these effects may be important in the Teff–(B− V )
plane, they are indeed too small to influence the differ-
ences between different Teff–color relations involving other
photometric colors.
It is interesting to note, that synthetic colors of
PHOENIX, MARCS, ATLAS and H00 agree to within ∆Teff ∼
100K over a large range of effective temperatures, despite
the fact that PHOENIX models assume spherical geometry
while colors of MARCS, ATLAS and H00 are calculated using
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Fig. 17. (c) Same as Fig. 17a but in the (J−K)–(V −K) plane.
Stars from the sample of Perrin et al. (1998) are highlighted
as open circles.
plane-parallel model atmospheres. All of them also show
a reasonably good agreement with the observed colors of
late-type giants (to about ∼ 150K).
5.3. Comparison of color–color relations
The comparison of different color–color relations is given
in Figs. 17a–c. Empirical color–color relations shown there
are constructed from Teff–color relations given in Table 4,
thus they do not represent the best-fits to the observed
data in color–color diagrams.
The most complex behavior is seen in the (B − V )–
(V − I) plane. While the agreement between different
color–color scales is generally rather good at higher ef-
fective temperatures (with the exception of scale based on
BaSeL 2.2 colors), discrepancies become larger at lower
Teff , which is to a large extent determined by the discrep-
ancies in the Teff–(B−V ) plane. For instance, the scale of
A99 deviates rapidly beyond (B −V, V − I) ∼ (1.5, 1.5),
and the Pi98 scale is strongly deviant beyond (B−V, V −
I) ∼ (1.4, 1.4), as both of them fail to reproduce the
‘turn-off’ in the Teff–(B − V ) plane. All three scales that
are based on synthetic colors (Tables 5–6) display slightly
differing trends, though they all agree with the observed
colors of late-type giants to within ±0.1mag (or less) in
B − V . Note, however, that the scale based on PHOENIX
colors is slightly too blue in B−V throughout the entire ef-
fective temperature range, which is again a consequence of
the discrepancies in the Teff–(B− V ) plane. Interestingly,
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the scale based on colors calculated from the observed
spectra of S88 shows a remarkably good agreement with
the observations in the entire color–color range.
There seem to be some inconsistencies between ob-
served and synthetic V −I colors within the entire effective
temperature range in the Teff–(V −I) and (V −I)–(V −K)
planes, as scales based on synthetic colors develop a sys-
tematical shift towards the redder (V −I) for a given value
of (V −K). This effect is most pronounced for the PHOENIX
colors, largely due to a somewhat discrepant trend in the
Teff–(V − I) plane. BaSeL 2.2 and Pi98 colors follow sim-
ilar pattern. It is rather unlikely though that these differ-
ences are due to the systematical differences between the
I-band magnitudes in the Two-Micron Sky Survey and
standard Kron systems (Sect. 4.2), since the largest sys-
tematical discrepancies are seen for the bluer colors and
they gradually diminish for the redder, while the differ-
ences in Fig. 17b are largest for the reddest stars. The good
agreement of the A99 scale with observed trends is some-
what misleading. Since this scale is systematically shifted
towards the lower Teff by a comparable amount both in
the Teff–(V −I) and Teff–(V −K) planes, these differences
compensate for each other and produce a good agreement
of the A99 scale with observations in the (V − I)–(V −K)
plane.
Excellent agreement is seen again in color–color dia-
grams involving near-infrared colors; differences between
various color–color relations are typically within ∆(J −
K) = 0.1 in the (J − K)–(V − K) plane. This fact is
rather remarkable, especially if taken into account that
spectra of late-type giants are influenced by a number of
strong molecular bands (TiO, CO, H2O, VO, CO, etc.) in
this wide wavelength range.
5.4. Comparison of observed and synthetic spectra
Perhaps the most direct way to clarify what causes the dif-
ferences between the observed photometric colors of late-
type giants and synthetic colors calculated with different
stellar model atmospheres is by making a comparison of
observed and synthetic spectra.
Examples of the observed optical spectra from the
spectral libraries of S88 and Pi98, together with those cal-
culated with the PHOENIX and MARCS model atmospheres
are shown in Figs. 18-19, for late-type giants of spec-
tral classes K1 III (Teff = 4655K, according to the spec-
tral class–effective temperature relation used in Pi98) and
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Fig. 19. Same as in Fig. 18 but for a M3 III giant (Teff = 3630K, log g = 0.62, [Fe/H] = 0.0).
M3 III (Teff = 3630K). The observed spectra of Pi98
correspond to the metallicities of [Fe/H] = 0.09 and
[Fe/H] = 0.0 for the spectral types K1 III and M3 III,
S88 spectra are of solar metallicity. Synthetic spectra are
all calculated at solar metallicity, for the effective temper-
atures corresponding to the two spectral classes and with
gravities assigned according to the Teff–log g relation of
H00 (log g = 2.60 and log g = 0.62, for K1 III and M3 III,
respectively). Synthetic spectra are degraded to a reso-
lution of 1 nm (which corresponds to a typical resolution
in the Pi98 library), and then are normalized in such a
way that they yield the same total flux as the correspond-
ing Pi98 spectrum in the wavelength interval covered by
the latter. S88 spectra are normalized to yield the same
flux as Pi98 spectra in the wavelength interval covered by
S88 spectra. Note that resolution of S88 spectra (∼ 5 nm)
is certainly too low for making a detailed comparison on
the level of individual spectral lines/bands. Nevertheless,
they are still useful for the comparison of general trends,
especially given the fact that Teff–color relations based on
photometric colors of late-type giants in S88 are in excel-
lent agreement with the observations and other Teff–color
scales in the Teff–(B − V ) plane. Similarly, Fig. 20 illus-
trates the situation in the infrared part of the spectrum,
for the spectral types of K3 III and M0 III. Here, we also
show infrared spectra of two late type giants from the
spectral library of C99: αHya (K3 III; the original spec-
trum taken from Cohen et al. 1995) and βAnd (M0 III;
Cohen et al. 1995). Note that all spectra in Fig. 20 are nor-
malized in such a way that they yield the same total flux
over the wavelength interval covered by the C99 spectrum
(1240–2400nm in case of K3 III and 1240–2500nm in case
of M0 III). Finally, Fig. 21 shows the flux ratios of Pi98
spectra over the other observed (S88, C99) and synthetic
(PHOENIX, MARCS) spectra (the y-scale in Fig. 21 is a loga-
rithm of the spectral flux ratios, thus if multiplied by 2.5 it
will provide the difference in monochromatic magnitudes
at a given wavelength).
Generally, the agreement between the observed and
synthetic spectra is rather good at ∼ 500− 900 nm, espe-
cially at higher effective temperatures. However, there are
numerous small differences in reproducing the strength of
individual lines/bands and the continuum level, first of
all due to inadequate knowledge of atomic and especially
molecular opacities (note, for example, the difficulties in
reproducing the observed flux at around ∼ 420− 440 nm,
which is determined by the strength of CH G-band and
numerous atomic lines, Fe I, Ti I, Ti II, Ca I; or the differ-
ences in the continuum level at ∼ 810−840nm – Figs. 18,
21a). This is evident both with PHOENIX and MARCS spec-
tra, though the latter seem to be in a slightly better agree-
ment with observations. These discrepancies grow larger
at lower effective temperatures, with differences in repro-
ducing molecular band strengths becoming increasingly
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Fig. 20. Comparison of the near-infrared observed spectra from the spectral libraries of Pi98 and C99 with those calculated
using PHOENIX and MARCS model atmospheres, for K3 III (Teff = 4365K, top) and M0 III (Teff = 3820K, bottom) giants. To
make the comparison easier, spectra are renormalized to yield the same total flux in the wavelength interval covered by the C99
spectrum. All spectra are of solar metallicity except K3 III of Pi98 ([Fe/H] = −0.02). Surface gravity in theoretical models was
assigned according to the Teff–log g scale of H00 (log g = 2.01 and log g = 0.97 for K3 III and M0 III, respectively).
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Fig. 21. Spectral flux ratios of Pi98 spectra over the other observed (S88, C99) and synthetic (PHOENIX, MARCS) spectra.
important (e.g., note the difficulties in reproducing TiO
bands in the range of 584 − 800nm, with bandheads at
584.7, 615.9, 665.1, and 758.9 nm).
The differences between observed and synthetic spec-
tra, however, become progressively larger at shorter wave-
lengths (<∼ 500 nm), and they also tend to increase with
the decreasing effective temperature. It should be noted
though, that this spectral range is rather difficult to model
theoretically since even minor changes in the model pa-
rameters have a strong influence on the emerging spectrum
at λ <∼ 500nm. On the observational side, the S/N ratio
in the observed spectra of late-type giants is low at short
wavelengths (because of the low spectral flux), thus pre-
cise absolute flux calibration is indeed difficult to achieve.
Note, for instance, the differences in the spectral flux be-
tween the spectral libraries of S88 and Pi98 at λ <∼ 500nm,
which are responsible for their significantly different B−V
colors and thus for the different behaviour of the two Teff–
color scales in the Teff–(B − V ) plane. Obviously, further
improvements are urgently needed here, both in terms
of new observations and improved theoretical models, to
bridge the gap between the theoretical predictions and
observations in this wavelength range.
Note, however, that there are significant differences be-
tween the observed K3 III spectrum of Pi98 and those cal-
culated with PHOENIX and MARCSmodel atmospheres, over
the entire wavelength range considered in this study (dif-
ferences between the Pi98 and S88 spectra are somewhat
smaller because S88 spectrum was employed in the deriva-
tion of the K3 III spectrum of Pi98). This is clearly seen in
Fig. 21b, which hints towards an obvious residual trend in
the range of 500−2500nm. This residual trend could be re-
moved by assigning a somewhat lower (∼ 100K) effective
temperature to the ‘K3 III’ spectrum of Pi98 (situation
with the K2 III and K4 III spectra of Pi98 is qualitatively
very similar). This would also solve the problem with the
’bump’ in the Teff–(V −I) and Teff–(V −K) relations based
on the Pi98 colors (and Teff–(V − I) relation based on the
colors of S88) discussed in Sect. 5.2.
The agreement between the observed and synthetic
spectra is generally rather good at the near-infrared wave-
lengths too, especially given the fact that this wavelength
range is strongly affected by various molecular bands
(Fig. 20). Indeed, differences are abundant too, e.g., those
in reproducing the strength of water and (to a smaller
extent) CO bands at ∼ 1.3− 1.8µm, which is well notice-
able at lower effective temperatures (note that observed
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CO bands are rather well reproduced at ∼ 2.3 − 2.5µm,
even for M0 III).
Thus in overall, despite the fact that both PHOENIX and
MARCS models are able to reproduce the general trends in
the observed spectra rather well (which is also reflected
in the relatively good agreement between the synthetic
colors and observations), there are numerous differences
both in the predicted strengths of individual lines/bands
and/or continuum level. In many cases these differences
are large enough to cause noticeable changes even in the
broad-band photometric colors.
6. Summary and conclusions
We have calculated a new PHOENIX grid of synthetic
broad-band photometric colors, which covers the effec-
tive temperatures Teff = 3000 . . .5000K, gravities log g =
−0.5 . . .+3.5, and metallicities [M/H] = +0.5 . . .−4.0.
Our analysis shows that synthetic colors of late-type giants
are noticeably influenced by a number of different model
parameters. The influence of various molecular bands is
strong in all studied Teff–color and color–color planes be-
low Teff ∼ 4000K. The effects of TiO are most prominent
in the optical wavelength range, while H2O strongly af-
fects the near-infrared colors. All photometric colors are
strongly influenced by the effects of gravity at lower effec-
tive temperatures (typically, below Teff ∼ 3600K). This is
associated with the fact that molecule formation is gen-
erally more efficient at lower gravities, since the outer at-
mospheric layers are getting more extended and cooler.
The influence of gravity is strongest in the Teff–(B − V )
plane, which is due to the fact that B−V color is strongly
affected by different molecular lines. The effect of the mi-
croturbulent velocity is well noticeable at all effective tem-
peratures, the difference in certain photometric colors may
reach ∼ 0.2mag in response to a change in microtubu-
lent velocity from ξ = 1.0 to 5.0 km s−1 (the effect is
marginally smaller at higher gravities). The influence of
stellar mass on photometric colors is generally small but
non-negligible at lower effective temperatures, which is re-
lated to differences in atmospheric structures for different
stellar masses, with higher mass model atmospheres being
marginally hotter in the outer (optically thin) layers.
We find that also convection may influence photomet-
ric colors in a non-negligible way. The difference between
synthetic colors calculated with a fully time-dependent
3D hydrodynamical model atmosphere and those obtained
with the conventional 1D model may reach up to several
tenths of a magnitude in certain photometric colors (e.g.,
V − K), equivalent to a shift in effective temperature of
up to ∼70K. This fact is rather interesting, since stan-
dard 1D models predict that convection is restricted to
the optically thick layers, and thus has no influence on the
atmospheric structure and spectroscopic or photometric
properties (which we confirm by finding no differences in
photometric colors calculated with 1D model atmospheres
using different mixing length parameter). In contrast, our
full hydrodynamical modeling predicts an intense convec-
tive overshoot from the deeper interiors in to the outer
atmospheric layers, which has a non-negligible influence
on the photometric colors too.
To compare the new synthetic photometric colors with
observations of late-type giants, we derive a new Teff–
log g–color relation based on observed quantities of a ho-
mogeneous sample of late-type giants in the solar neigh-
borhood, with effective temperatures available from inter-
ferometry and surface gravities selected according to the
Teff–log g relation of H00. Given the typical errors of inter-
ferometrically derived Teff , systematical effects, etc., the
internal precision of these empirical Teff–color relations is
limited to about ±150K. We also provide three additional
semi-empirical scales based on the Teff–log g relation of
H00 and synthetic colors of PHOENIX, MARCS and ATLAS
(the new MARCS spectra/colors were kindly provided by
B. Plez, ATLAS colors were taken from Castelli & Kurucz
2003).
Generally, the new Teff–color relations based on syn-
thetic colors are in good agreement with observations of
late-type giants (to about ±150K or better). The devia-
tions between the relations based on different stellar atmo-
sphere models are small, typically within ±100K or less,
with slightly larger discrepancies seen in the Teff–(V − I)
plane. The situation is more complex in the Teff–(B − V )
plane. While the agreement between observed and syn-
thetic colors is rather good at higher effective tempera-
tures, all scales tend to disagree below ∼3800K, which is
related to difficulties in reproducing the ‘turn-off’ towards
the bluer colors seen in the observed data at Teff ∼ 3600K
(caused by the increasing strength of TiO bands at lower
effective temperatures).
The agreement between different color–color scales in
the (B − V )–(V − I) plane is rather good for (B −V, V −
I) <∼ (1.5, 1.5) and degrades rapidly for the redder colors,
which is defined essentially by the trends exhibited by dif-
ferent scales in the Teff–(B − V ) plane. There are some
discrepancies in the (V − I)–(V − K) plane too, where
synthetic colors tend to become redder in V − I at lower
effective temperatures. Excellent agreement is seen in the
(J − K)–(V − K) plane, where differences between the
trends of different color–color scales do not exceed ±0.05
in J −K.
Finally, we make a brief comparison of the observed
and synthetic spectra of late-type giants at several effec-
tive temperatures typical to late-type giants, both at op-
tical and near-infrared wavelengths. While in general the
agreement between the observations and theoretical pre-
dictions is reasonably good, the differences are abundant
too, both in reproducing the strengths of individual spec-
tral lines/bands (especially - molecular bands, e.g., TiO,
H2O, CO and so forth) and the continuum level. These
differences are large enough to produce noticeable discrep-
ancies at the level of broad-band photometric colors.
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